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Lean Manufacturing and Green Manufacturing systems co-occur in many
manufacturing facilities. This dissertation investigated the relationship between materials
recycling—as an important green waste-reduction technique—and lean techniques, and
their influence on lean outcomes, specifically 1) if a correlation exists between lean
techniques and material recycling, as these two variables also influence lean outcomes;
and 2) the mediating effect of materials recycling between lean techniques and lean
outcomes. Exploratory factor analysis, confirmatory factor analysis, and structural
equation modeling were the chosen statistical analysis methods utilized to explore and
confirm the lean techniques and lean outcomes constructs, test the models’ hypotheses
and answer the research questions. The objective was to determine if materials recycling
aids lean techniques in improving lean outcomes. Results showed that the
implementation of materials recycling is significantly correlated with the implementation
of lean techniques; and materials recycling enhances lean outcomes associated with cost
reduction and improved delivery. Moreover, the implementation of lean techniques
associated with continuous improvement, supply chain improvement, and quality, lead to
the implementation of materials recycling, which in turn reduces costs and improves

delivery outcomes. Finally, in manufacturing operations running two or more shifts, the
implementation of materials recycling correlates with the implementation of lean
techniques associated with automation, supply chain improvement, and quality; and
materials recycling enhances lean outcomes associated with increased quality and
improved flexibility. Additionally, the implementation of lean techniques associated with
continuous improvement, supply chain improvement, and quality, lead to the
implementation of materials recycling, which in turn increases quality and improves
flexibility outcomes. Explaining the specific relationship between Lean Manufacturing
and materials recycling, this research advances good theory and broadens the body of
knowledge by greatly expanding on past studies through the employment of structural
equation modeling combined with an extensive dataset. The results of this study make a
direct contribution to theory and real world applications in the Industrial and
Manufacturing Engineering field. This research differentiates between current,
competing theories, clearly explaining how specific relationships lead to specific events;
and these explanations are critical for good theory building.

Keywords: Lean Manufacturing, Lean Techniques, Lean Outcomes, Materials
Recycling, Lean and Recycling, Green Manufacturing, Green Techniques, Waste,
Measurement Models, Exploratory Factor Analysis, Confirmatory Factor Analysis, Path
Analysis, Structural Equation Modeling.
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CHAPTER I
INTRODUCTION
Problem Statement
Lean Manufacturing (LM) and Green Manufacturing (GM) systems co-occur in
many manufacturing facilities. Traditional research has focused on lean to green models
and how these affect manufacturing outcomes (e.g. reduced costs, increased quality,
financial growth, etc.). However, there is no theoretical or manufacturing reason that
postulates that LM precedes GM. In fact, these two systems co-occur and thus influence
each other in many possible ways. Even though many researches have investigated the
relationship between lean and green systems, and their influence on improved business
results, current research had not yet investigated the relationship between lean techniques
and materials recycling—as an important green waste-reduction technique—and their
influence on lean outcomes.
Background
Manufacturing companies fear losing their competitive advantage if they choose
to invest in environmental initiatives (i.e. increase resource productivity and minimize
negative environmental impact), without guarantee that they will actually improve their
business results. However, growing competitive and regulatory pressures have made it
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extremely important for companies to balance economic and environmental performance
(Zhu & Sarkis, 20041).
Lean, Green and Waste
When manufacturing companies decide to engage in environmentally friendly
operations—because of industry or government pressure, or because of their actual
concern for the environment—they should do so without disrupting their current, efficient
and productive operations, and without affecting the company’s overall bottom line. To
ensure efficient and productive operations within their facilities, over 61% of
manufacturing companies in the United States (US) have implemented Lean
Manufacturing (LM) and that percentage increases yearly: 36% in 2004 (Introduction to
Lean, 2004), 56% in 2008 and 61% in 2009 (Davidson, 2009). Similarly, to ensure
environmentally friendly operations, manufacturing companies implement Green
Manufacturing (GM).
Lean concepts call for eliminating waste and manufacture goods with only the
necessary amount of resources, which align very well with Green concepts. Both lean
and green programs are designed to find and eliminate [what each considers] waste,
reduce costs and promote company growth (Womack & Jones, 1996; Dornfeld, 2013).
Employees that have already been trained in lean concepts may also be able to identify

1 All references are written in accordance with APA writing style; rules can be found at the Publication Manual of the
American Psychological Association.
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environmental wastes, and therefore provide enhanced lean outcomes (Bergmiller &
McCright, 2009). Moreover, as consumers’ concerns about the environment increase,
companies that manufacture goods following green concepts can gain market share and
become even more competitive (Russell & Taylor, 2008).
Materials Recycling
Waste generated from manufacturing operations are a significant cause for
environmental problems; therefore, reducing waste coming from the manufacturing
industry is one of the major objectives of GM, both in research and in practice (Dornfeld,
2013). One of these wastes is material related: solid waste. As highly industrialized
societies began to generate ever-growing amounts of solid waste, materials recycling
started gaining popularity; not only for its environmental benefits, but also for purely
economic reasons.
In terms of conservation of natural resources, many manufacturing facilities
around the world have found that the recycling of materials proposes a great solution.
Through zero waste to landfill (ZWTL) and zero waste (ZW) programs, recycling rates in
manufacturing facilities act as metrics of environmental health and material efficiency,
respectively. To better understand the behavior of waste within a manufacturing facility,
waste audits and waste assessments are conducted. These audits and assessments serve
as a diagnosis for material inefficiencies throughout manufacturing facilities, leading
managers and associates to shift their thinking into improving resource productivity
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(Porter & van der Linde, 1995). Poorly utilized material resources within the facility will
become more apparent and even indirect inefficiencies can be identified at the supplier
and customer levels.
Because materials’ recycling provides a better understanding of a facility’s waste
and promotes waste reduction activities, it aligns very well with lean techniques.
Therefore, it can be hypothesized that lean techniques and materials recycling enhance
lean outcomes.
Research Objectives
Manufacturing outcomes are important to determine a company’s profitability.
LM ensures manufacturing outcomes are cost efficient, and GM minimizes
manufacturing processes’ negative environmental impact. LM and GM co-occur in many
manufacturing facilities and affect each other in many ways. Even though many
researchers have investigated the relationship between lean and green systems in
manufacturing and their influence in improved business results, current research had not
yet investigated the relationship between lean techniques and materials recycling (as a
measure of GM), and their influence on lean outcomes. Therefore, the following research
questions (RQ) remained unclear:
 RQ 1) Are lean techniques and materials recycling correlated, and do both predict
lean outcomes?
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 RQ 2) Does materials recycling act as a mediator between lean techniques and
lean outcomes?
Managers in manufacturing companies worry about the coexistence of lean and
green systems, as a lean initiative may diminish the positive influence of a Green
initiative, and vice-a-versa (Russell & Taylor, 2008). Studying the relationship between
lean and green systems makes a direct, applicable contribution to the body of knowledge
in the Industrial and Manufacturing Engineering field as manufacturing companies begin
to understand when and how to implement lean and green systems within their facilities,
leverage on their similarities and act intelligently on their trade-offs (Hanson, Melnyk &
Calantone, 2004).
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Key Terms
Ceiling Effect. In statistics, this occurs when the variance of an independent variable
cannot be measured above a certain level (Tabachnick & Fidell 2001).
Company. A business entity that, in exchange for money, manufactures, purchases or
sells products and/or provides services (www.thesaurus.com).
Confirmatory Factor Analysis (CFA). Statistical technique used to check the factor
structure of a set of indicator variables. CFA allows for testing the relationship between
indicator variables and their latent constructs (Brown, 2006).
Control variables. In statistics, these variables are held constant to test the relative effect
of the independent variables (Tabachnick & Fidell 2001).
Collinearity. In statistics, this phenomenon occurs when two independent variables in a
regression model are highly correlated. Multicollinearity happens when two or more
independent variables are highly correlated (Tabachnick & Fidell 2001).
Correlation Analysis. Statistical method that shows if two variables are related and, if
they are, how strong their relationship (Tabachnick & Fidell 2001).
Eigenvalues. A special set of scalars associated with a linear system of that are
sometimes also known as characteristic roots, characteristic values, proper values, or
latent roots (http://mathworld.wolfram.com/Eigenvalue.html).
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Floor Effect. In statistics, this phenomenon happens when the variance of an independent
variable cannot be measured below a certain level (Tabachnick & Fidell 2001).
Indicator Variable. A variable that is directly measured (Brown, 2006).
Latent Variable. A variable that cannot be observed, but can be estimated through a set
of observable variables or indicator variables (Brown, 2006).
Manufacturing System. A certain approach to producing finished goods based on various
factors, e.g. volume, delivery time and order flexibility, that guarantees enough sales.
These systems go from custom, craft manufacturing to batch, assembly, mass production
to intermittent, reconfigurable manufacturing to lean, agile, just-in-time, flexible
manufacturing to green, environmentally conscious manufacturing (Gemba Academy).
Measurement Model. Latent variables defined by a set of factors are called measurement
model, which can be either exploratory or confirmatory (Brown, 2006).
Mediation Analysis. Aids in understanding the relationship between an independent
variable (predictor) and a dependent variable (criterion). In other words, the mediator
accounts for the relationship between the predictor and the criterion (Kline, 2011).
MPlus. Latent variable statistical software used to conduct this study
(www.statmodel.com).
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Non-response bias. This type of bias is a result from significant differences in responses
between respondents and non-respondents
(http://stattrek.com/statistics/dictionary.aspx?definition=response+bias).
Nuisance variable. A variant which has no intrinsic relevance to the experiment
(http://psychologydictionary.org/nuisance-variable/).
Ordinal Data. Statistical data type based on numeric scores on an ordinal scale, able to
stablish a rank for a set of data points (Tabachnick & Fidell 2001).
Path Analysis. Statistical method used to examine direct dependencies among a set of
variables, i.e. causal, predictive relationships (Kline, 2011).
Regression Analysis. Statistical process that estimated the relationship among one
dependent variable and one or more independent variables (Tabachnick & Fidell 2001).
Response bias. In sampling survey, this type of bias refers to the bias resulting from the
measurement process, such as leading questions or social desirability
(http://stattrek.com/statistics/dictionary.aspx?definition=response+bias).
Stakeholder. An individual or entity with an interest in a project or business
(www.thesaurus.com).
Structural Equation Modeling (SEM). Statistical technique used for testing and
estimating predicting or causal relationship between variables. One of the strengths of
the SEM technique is the ability to construct latent variables, via CFA (Kline, 2011).
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Structural Model. Measurement models connected by from-to paths (Kline, 2011).
Thresholds. For any categorical outcome variable with K levels, Mplus will output K-1
threshold values. For example, a five-point order-response scale item would contain four
threshold values. The first threshold would represent the expected value at which an
individual would be most likely to transition from a value of zero to a value of one on the
order-response outcome variable, and so on through the fourth threshold
(http://www.ats.ucla.edu/stat/mplus/seminars/IntroMplus_CFA/#3. Confirmatory factor
analysis with categorical outcomes).
Validity. Refers to how well a set of items measures the intended construct under study
(Kline, 2011).
Virgin Material. A material that has not yet been used or consumed, extracted from
nature in its raw form (Ashby, 2012).
Solid Waste. Unwanted or unusable material that the holder intends or is required to
discard. The definition can be subjective since what one person may consider waste
another may consider a resource or commodity. Furthermore, not all discarded materials
are waste since they can be reused or recycled (Jensen, 2015).
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Outline of this Dissertation
This dissertation is comprised of five main chapters structured as follows:
Chapter I – Introduction (current chapter). Problem statement, issues
surrounding this research (background information), Lean, Green, waste, materials
recycling, research objectives, and definitions of key terms.
Chapter II – Literature Review. Extensive review of relevant, current literature
structured in these various sections: background, Lean, Green, materials recycling, Lean
and Green, research limitations, re-statement of research objectives, and importance and
contribution of proposed research.
Chapter III – Methodology. Breakdown of research objectives into data,
statistical tools, hypotheses, methods and assumptions. A pilot study was also conducted
to validate the methodology; the pilot study’s results, findings and conclusions were also
included in this chapter.
Chapter IV – Results. Presentation of statistical analyses and findings, broken
down by research questions and hypotheses for each question.
Chapter V – Conclusions. Interpretation of findings in the context of the research
questions and hypotheses, conclusions discussion, contributions to the body of
knowledge, limitations of the study, and recommendations for future research and
practice.
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CHAPTER II
LITERATURE REVIEW
Background
Since the 19th century, the main focus of companies has been to increase their
profit and market share by raising their productivity and efficiency levels. In the 20th
century, global economic growth was defined by the supply of cheap resources.
However, the beginning of the 21st century was characterized by a higher demand of
resources (food, water, energy and other materials), and this high demand for products
(combined with their decreased supply) brought surging prices (Dobbs, Oppenheim,
Thompson, Brinkman & Zornes, 2011). A diminished supply of resources is caused by
an unsustainable use of resources: when more than a replenishable amount of resources is
consumed, the consumption rate is unsustainable (Dornfeld, 2013). Resource
consumption is rising both in developed and under-developed countries, and in order to
meet resource demand for current and future generations there is a need to design
products that can be reconditioned and/or recovered, enabling multiple life cycles.
In the US, the amount of waste generated in the form of solid waste and waste
water is higher than that generated by any other country in the world in both absolute
value and generation per capita, and the majority of this waste is generated in the
manufacturing industry with almost six billion metric ton generated each year. This
amount of waste is larger than the sum of waste of all other seven US industry sectors
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combined—mining, oil and gas, agricultural, hazardous, municipal solid waste (MSW),
coal ash, and medical (Dornfeld, 2013). There is sufficient opportunity to improve the
balance between the supply and demand of resources, and it is the government’s and the
private industry’s responsibility to deliver on these improvements (Dobbs et al., 2011).
Manufacturing companies fear losing their competitive advantage if they choose
to invest in environmental initiatives (i.e. increase resource productivity and minimize
negative environmental impact), without guarantee that they will actually improve
business results. To encourage companies to care for the environment, governmental and
non-governmental agencies have come up with regulations companies need to comply
with in order to keep doing business (Dornfeld, 2013). These regulations push
companies to find creative and innovative solutions to reduce their negative
environmental impact (Porter & van der Linde, 1995).
However, governmental and non-governmental agencies are not the only entities
pressuring companies to consider the environmental impact of their operations. Pressures
also rise from competitors, customers and stakeholders, and the environmental concerns
of these groups need to be addressed as well. Companies may or may not be compliant to
these pressures, depending on the company’s views about the environment. Some
companies spend their environmental dollars fighting industry regulations, while other
companies choose to find solutions to their environmental problems and adhere to said
regulations. The bottom line is that growing competitive and regulatory pressures have
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made it extremely important for companies to balance economic and environmental
performance (Zhu & Sarkis, 2004). The two manufacturing systems that address the
increase of productivity and minimization of negative environmental impact are Lean
Manufacturing and Green Manufacturing, respectively. These systems were extensively
discussed next.
Lean Manufacturing
Lean Manufacturing, as described by Womack and Jones in their 1996 book
“Lean Thinking: Banish waste and create wealth in your organization,” refers to the
paradigm established by the Toyota Production System (TPS) which aims at minimizing
the resources it takes to make a product considering the entire manufacturing process.
The lean culture focuses on waste reduction, continuous improvement, managerial
commitment, employee participation and involvement at all levels within the company.
The birth of LM is usually credited to Japan with Toyota in the 1940s, but the
history actually goes back further. LM is considered to be a derivative from various other
production systems and not just the Toyota Production System (TPS). A brief timeline of
LM is described as follows (Gemba Academy). In 1799, Eli Whitney developed to
perfection the interchangeable parts methods when he took a US Army contract to
manufacture 10,000 muskets at a very low price. For the next 100 years, manufacturers
developed their own technologies, but in the late 1890s, Fredrick Taylor started to look at
work methods and individual tasks. As a result, time studies and standardized work were
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born. In the next few years, motion studies and process charts surged (Frank Gilbreth),
work motivation and attitudes were studied as they affected manufacturing outcomes
(Lillian Gilbreth), and the first notions of waste reduction emerged. In 1910, Henry Ford
put all elements of manufacturing together into what is known today as an assembly line
to manufacture the Model T automobile (the first mass produced cars). In the 1920s,
Alfred Sloan took Ford’s manufacturing system a step further, introducing business and
manufacturing strategies for managing larger and higher-variety product companies.
American manufacturing successes were quickly noticed by the Japanese after World
War II. Japanese manufacturers started studying Ford’s methods along with other quality
control practices developed by Ishikawa, Edwards Deming and Joseph Juran. Taiichi
Ohno, Plant Manager at Toyota in Japan, developed the TPS incorporating lessons
learned from American manufacturers, but adjusting for high employee inclusion in
improvement projects. Toyota then developed flexible production, cellular
manufacturing, setup/changeover reduction, one piece flow and Just In Time (JIT). TPS
mandated that production followed a continuous flow and long production runs were not
required. At that time, the opposite was happening back then in Western industries where
mass production was the desired manufacturing system: high volume production,
standard parts, and very few changeovers. Ohno continued to develop the TPS through
the 1980s. In the 1990s, Womack, Jones and Roos (1990) studied the ‘leaner’ production
system at Toyota, making comparisons and contrasts with the preferred mass production
system seen in the US. John Krafcik, former collaborator of Womack, originated the
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term Lean Manufacturing; and in the next decades, LM caught the attention of
manufacturers worldwide, being widely implemented. Managers were not too excited
about the new lean system since it was only used in an automotive industry. How to
apply lean concepts to other industries and assess for success was not yet clear, until
Womack and Jones (1996) helped companies understand lean thinking, techniques and
benefits, through these three principles: identification of value, elimination of waste, and
generation of flow of value to the customer. These principles were clearly applicable to
other than just the automotive industry, and Lean Thinking today can be also applied to
non-manufacturing firms. The terms value (l-value), waste (l-waste), and flow (l-flow)
are explained in detail throughout this section as Melton (2005) describes it in his article.
L-value is defined from the customer’s perspective, and as customer, LM appoints
the “next person in line” and not just the final-product user. In order to understand which
processes are valuable and which ones are wasteful, lean manufacturers must know what
the customer is “willing to pay for,” what is of value to them. Now, what may be of
value to one customer may not be for another, therefore manufacturers need to consider
all value propositions when developing a product: design, cost, features, colors, etc.
The term l-waste is assigned to all activities that do not add value. LM’s main
focus is to eliminate l-waste. As l-waste is identified and eliminated in any and all
processes, companies realize great savings. However, l-waste identification and
elimination are not one time events. Continuous improvement is an iterative process:
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upon eliminating a wasteful activity, another one is identified and then eliminated. This
iteration continues until l-waste free processes are achieved (this is considered a
theoretical pursuit or a lean paradigm, as some amount of l-waste, even small, is always
expected). The key is to ensure the real l-waste—the root cause of the problem—is
identified and eliminated, and not just a symptom. LM recognizes eight types of l-waste
and their acronym reads DOWNTIME: defects, over-production, waiting, non-utilized
talent, transportation, inventory, motion and extra-processing.
L-flow is one of the hardest concepts to grasp when learning LM, as it contradicts
the well know mass-production system—one piece flow versus queue and batch
production. Lack of l-flow generates higher levels of inventory and therefore the need
for work-in-process or warehouses, which translates into stored business capital. To
better understand l-flow, two key concepts need to be explained: value stream, which
refers to all activities involved in the making of a product—l-value added and non-value
added—including information flow; and the Theory of Constraints (TOC) by Goldratt
and Cox (1992), which aligns well with lean thinking in that it considers the organization
as a system built upon resources connected by processes that make goods that can be
sold. The TOC sees lack of l-flow as a system constraint, as it reduces the rate at which
the system can produce goods (throughput) and generates unwanted inventory.
LM offers many tools and techniques that support implementation of lean
principles. These tools are utilized to make sure all processes deliver l-value to
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customers, l-waste is identified and eliminated, and goods flow with no constraints
throughout the system (Womack & Jones, 1996; Dailey, 2003; Kilpatrick, 2003; Melton,
2005; Paynaskar, Gershenson & Jambekar, 2003; Introduction to lean, 2004; Top 25 lean,
2010). Lean outcomes are defined by low costs, fast delivery or short lead times, order
flexibility, high quality and safety assurance of operations and products (Miller, 2013).
The following logic model (Figure 1) represents the lean path in a manufacturing
environment, going from inputs to outputs that finally lead to the desired outcomes for
the company.
LEAN MANUFACTURING
a.k.a. LEAN THINKING
a.k.a. LEAN CULTURE

INPUTS

ACTIVITIES

DEFINE VALUE

MAP THE VALUE STREAM

What is “value” from the point
of view of the customer?

Define the value stream
(product, product family,
process, other)
Determine its limits (start, end)

Map it (flow charts, operational
diagrams, value stream
mapping, other)

IDENTIFY WASTE
Defects
Over-production
Waiting
Non-utilized talent
Transportation
Inventory
Motion
Excess processing

OUTPUTS

OUTCOMES

APPLY LEAN TECHNIQUES

LEAN OUTCOMES

COMPANY’S FINANCIAL
HEALTH

Cellular Manufacturing
Employee Participation Programs
Factory Automation
Just-In-Time Systems
Manufacturing Time Reduction
Material Requirements Planning
Productivity Improvement
Setup Time Reduction
Process Analysis
Statistical Process Control
Supplier Partnerships
Total Quality Management

Cost Reduction
Increased Quality
Faster, Exact Delivery
Higher Flexibility (Product
Change, Quantity Change)

ITERATIVE PROCESS
Managerial Commitment
Employee Participation at All Levels
Continuous Improvement Culture

Figure 1. Lean manufacturing logic model.

Growth
Profitability
Competitiveness
Return On Investment
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Green Manufacturing
Green Manufacturing refers to the manufacturing of goods that use resources and
operations that minimize negative environmental impact, conserve energy, are safe for
employees and consumers, and are economically sound (Dornfeld, 2013). In other
words, GM is defined as the approach to eliminating waste by optimizing the use of
resources in a manufacturing environment and therefore lessening the negative impact to
the environment. From these definitions, GM can focus on either the manufacturing of
green products (e.g. renewable energy systems, clean technology equipment) or greener
of manufacturing operations (system or process which poses a minimal, nonexistent or
positive impact on the environment). For the purpose of this dissertation, GM focused on
the latter: greener manufacturing operations.
Waste (g-waste) is defined as the unnecessary use of resources and the release of
substances into the air, water or land that could potentially harm human beings or the
environment. So, GM views g-waste in two forms: as it is consumed and as it is released;
consumed in the form of water, materials, chemicals and energy; released as solid waste,
hazardous waste, waste-water discharges, air emissions, and waste energy (electricity and
heat). When managers decide to track these g-wastes, the environmental impact or
environmental footprint of the company is then determined. This information can be
used to set priorities, and implement green initiatives that promote g-waste minimization.
The manufacturing sector is dominant in regards to negative environmental impact,
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releasing toxic chemicals, water waste, solid waste, energy waste and carbon emissions
(Dornfeld, 2013).
Many manufacturing operations release a variety of toxic chemicals, e.g. forming,
cleaning, catalyzing, etc. Those chemicals inevitably are released into the environment
and pose a threat to the environment and human health. Aware of this phenomenon, the
US EPA established the Toxic Release Inventory (TRI) program in 1987 to collect the
toxic release data at the facility level, and data started to be collected from manufacturing
companies. It was later expanded to all other industry sectors in 1998. Manufacturing is
one of the highest toxic releasers out of all industry sectors (Dornfeld, 2013).
In regards to solid and water waste generation, the manufacturing sector produces
more than all other sectors combined. The US generates more solid and water waste than
any other country in the world. Reducing solid and water waste from manufacturing
industries would have a significant, positive environmental impact and is one of the main
objectives of GM, both from an application and research stand points (Dornfeld, 2013).
In terms of energy, manufacturing is an intensive consumer. In 2003, the
manufacturing sector consumed about 23% of the total energy consumed in the US
(Dornfeld, 2013). Energy consumption in manufacturing takes second place, after
transportation. However, transportation represents a major portion in manufacturing in
many cases due to elaborate supply chains. Therefore, reducing wasted energy plays a
major role in GM. Currently, energy is mainly supplied by fossil fuels and these generate
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several polluting elements, like carbon dioxide, sulfur dioxide and nitrogen oxides, which
lead to devastating environmental problems, like global warming, acidification and smog
(Dornfeld, 2013). Because of these issues, the US EPA and Department of Energy
(DOE) established the Energy Star program to develop energy efficient practices and
products, such as clean energy (i.e. solar, and wind).
Since the manufacturing sector is a heavy consumer of fossil fuels, it is also a
heavy generator of greenhouse gas (GHG) emissions as a byproduct. GHG emissions
induce global warming and interfere with the global climate system (Dornfeld, 2013).
With the objective of preventing further climate change, an international agreement
called the Kyoto protocol was established in 1997, putting targets in place for reducing
GHG emissions including carbon dioxide, methane, nitrous oxide, sulfur hexafluoride
and others. Since different gases have different climate change effects, the Kyoto
protocol classify these gases by their Global Warming Potential (GWP). By 2008, 183
countries had signed the Kyoto protocol.
Recapitulating, for manufacturing practice, the fundamental strategy of GM is
measuring the company’s environmental impact, become aware of the company’s gwastes, and look for ways to reduce GHG emissions. Manufacturing operations’
emissions come generally from air emissions, water discharges and solid wastes, and
controlling these different emissions require different approaches. In general, g-wastes
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and emissions can be controlled in three ways: pollution prevention, end-of-pipe control
and environmental restoration (Dornfeld, 2013).
In closing, manufacturing companies need to look beyond in-house operations to
determine the environmental impact of their products over their full life cycle, i.e. from
product design through end of life (Sustainable Manufacturing 101, 2011). There are two
ways of examining a product’s life cycle: life cycle thinking and life cycle assessment. In
Life Cycle Thinking, products are examined using the 6 RE Philosophy: RE-thinking,
RE-pairing, RE-placing, RE-using, RE-ducing, RE-cycling. Life Cycle Assessment
(LCA) includes three parts: inventory analysis, impact analysis, and improvement
analysis. Much of the environmental impact of a company’s products does not happen
within the facility, but upstream or downstream, coming from suppliers or reaching end
users. It can be challenging to address these environmental concerns, but most of the
time these are the areas where green initiatives make more sense (Sustainable
Manufacturing 101, 2011).
Figure 2 presents the logic model overview for GM as discussed in this literature
review. The term greener refers to a manufacturing process or system that has reduced
its environmental impact when compared to a previous state. Value (g-value) is defined
in terms of “how do operations affect the environment?” G-waste is defined by the
environmental impact that results from the use of materials, water and energy. Green
outcomes are measured by the reduction in water consumption, material consumption,
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toxic chemicals, solid waste, energy consumption and carbon emissions (or GHG
emissions). Reduction of g-wastes translates into cost reduction and, in some cases,
money incentives from government agencies in the form of tax credits or grants to
support green projects (Dornfeld, 2013).

INPUTS
DETERMINE
ENVIRONMENTAL IMPACT

ACTIVITIES
TRACK THE WASTE

Determine point of use.
Measure resources usage and
waste: materials, water, energy,
human exposure.
Measure environmental impact:
air, water and soil
contamination; and human
factors.

Determine amount of usage over
time.

APPLY GREEN TECHNIQUES
Energy Management Systems
Environmental Management Systems
Waste Assessments
Recycling
Landfill Diversion
Hazardous Waste Management
Waste Water Management
Green Supply Chain Management
Product Life Cycle Management
Closed Loops Systems

OUTPUTS

OUTCOMES

GREEN OUTCOMES

COMPANY’S FINANCIAL
HEALTH

Resource reduction: material
(i.e. solid waste), water, energy.
Reduction in human exposure.

Cost Reduction
Tax Credits
Government Grants
Competitiveness

Reduced water, air (i.e.
greenhouse gas emissions) and
soil contaminations.

ITERATIVE PROCESS
Figure 2. Green manufacturing logic model.
Waste and Materials Recycling
The recycling of materials is defined by the process of separation, collection and
re-manufacturing of materials into new products at the end of their useful life; materials
that otherwise would be disposed of as trash and end up in a landfill. In other words,
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recycling aids in extending a material’s life, after this material already served its initial
purpose by converting this material into something else also useful (www.epa.gov).
Materials recycling has many benefits: conservation of natural resources,
reduction of the amount of solid waste sent to landfills and incinerators, savings in energy
water and air pollution that result when scrap materials are substituted from virgin
materials. Extracting virgin materials from Mother Nature is very energy-intensive.
Materials recycling greatly reduces energy consumption, for example: recycling
aluminum reduces energy consumption by 95%; for plastics, the energy reductions
amounts to 70%; 60% for steel; 40% for paper; and 30% for glass (The truth about,
2007). Recycling wasted materials reduces the need to purchase raw materials, valuable
commodities can be re-sold for cash, and solid waste exchanges can be facilitated
between valuable commodities. Furthermore, products made with recycled materials
tend to be cheaper than those manufactured with virgin materials.
Societies have been enjoying the fruits of recycling for a very long time and its
roots can be traced back to 500 B.C. when Athens launched the first municipal dump
program in the western world. Other important recycling events compiled throughout
time include: first ever paper reuse in Japan (1031), paper recycling introduced as a
manufacturing process (1690), patriots in America turn to recycling to provide materials
for the war of independence (1776), New York opens the first materials recovery facility
(1897), first American aluminum recycling plant opens (1904), materials shortages in
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World War I promoted recycling with the motto “don’t waste it, save it” (1916 – 1918),
people survived the Great Depression by selling metal scrap and other recyclables
(1930s), the reduce-reuse-recycle symbol is introduced a.k.a. the Mobius Loop (1965),
the first Earth Day (1970), the first Bottle Bill or refundable deposit is introduced (1971),
first curbside recycling program is born (1973), controlled landfills are created (1976),
EPA confirms the linkage between global warming and waste (A brief timeline, 2014).
In recent years, science is focusing on developing recyclable materials and developing
new technologies to recycle existing materials.
In terms of conservation of natural resources, many manufacturing facilities
around the world have found that materials recycling proposes a great solution. Through
zero waste to landfill (ZWTL) and zero waste (ZW) programs, recycling rates in
manufacturing facilities act as metrics of environmental health and material efficiency,
respectively. ZWTL focuses in diverting solid waste from going to landfills by
increasing re-use, recycling, composting, and energy recovery activities; ZW focuses in
solid waste minimization or reducing the amount of solid waste generated in the first
place (Glass-Angeles & Christensen, 2013).
Figure 3 shows the solid waste management hierarchy, going from the least
preferred disposal method—landfilling (circled in red), all the way to solid waste
reduction from the source (circled in green). Engaging in materials recycling requires a
thorough understanding of one’s current solid waste streams and management practices.
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Figure 3. Solid waste management hierarchy (adapted from source: www.epa.gov).
To better understand the behavior of solid waste within a manufacturing facility,
solid waste audits and assessments are conducted. These audits uncover current solid
waste management in regards of transportation within the facility, how many solid waste
streams the facility has if any other than typical landfilling, the frequency of their pickups
from all different collection dumpsters around the facility, and the costs involved with
their disposal. Assessments, on the other hand, categorize all waste materials within a
facility accounting for weights and volumes for each material category. This
categorization and quantification of solid waste can be investigated over a certain period
of time, e.g. the time it takes a landfill dumpster to get full. From this sampling,
inferences can be made to the amount and volume of solid waste generated at this facility
for a month or a quarter or a year, and what is the material mix that makes up for that
amount/volume (Jensen, 2015).
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These audits and assessments serve as a diagnostic for material inefficiencies
throughout manufacturing facilities, leading managers and associates to shift their
thinking into improving resource productivity (Porter & van der Linde, 1995). Poorly
utilized material resources within the facility will become more apparent and even
indirect inefficiencies can be identified at the supplier and customer levels. Figure 4
separates solid waste in two categories: discarded materials leaving the facility (g-waste),
and excess materials generated by the manufacturing processes (l-waste).

SOLID WASTE
Lean (Process)
Wastes

Green (End-of-Pipe)
Waste

Defects
Over-production
Waiting
Inventory
Extra-processing

Materials

Green Solid Wastes
Backtrack
Lean Wastes

Figure 4. What each manufacturing system considers solid waste.
This framework of resource productivity and material efficiency shifts the
mindset of management in manufacturing facilities to now think of green practices—such
as materials recycling, as an initiative that leads to better business results as opposed to
just an environmental compliance program.
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Lean and Green
GM is well on its way to becoming what Lean already is: an expected way of
doing business (Christopher, 2012; Hanson et al., 2004). This way of thinking opened
the doors to research LM and GM, their relationship, and their influence in a
manufacturing company’s improved business results. Many of the research has focused
on the relationship between quality management practices and environmental
management practices, as measures of LM and GM, respectively. Other researchers have
studied the relationship between some lean techniques (such as quality management,
supply chain management, continuous improvement, just-in-time, and employee
involvement), some green techniques (such as environmental management systems and
environmental practices) and improved business results (such as market performance,
financial performance, and competitive advantage).
This section of the literature review unpacks the most significant, up to date
literature in the realm of LM and GM, explains how the authors studied the lean-green
relationship, its influence in business results, the statistical methods used and type of
analysis conducted, the conclusions extracted, and their implications to future research.
The next sub-sections were divided as follows: systems theory (lean and green variables
used by the researchers, their research objectives and conclusions drawn out), modeling
(research framework: approach to the lean-green relationship) and statistical methods
(review of methods used to address and answer the research questions).
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Systems Theory
King and Lenox (2001) examined the relationship between lean production and
environmental performance. The authors defined lean production as companies that had
adopted the quality management standard ISO 9000; environmental performance was
measured by: companies that had adopted the environmental management standard ISO
14000, their chemical inventory levels, waste generation and pollution reduction. The
premise was that adopting lean production practices leads to the improvement of
environmental performance; in other words, lean is green. Adoption of ISO 9000 and
chemical inventory levels were regressed on four dependent variables (waste generation,
onsite treatment, total emissions and relative emissions), each independent variable
regressed on each dependent variable. Both a probit and a two-staged least-squares
regression analyses were conducted to answer the research question. The data sample
was drawn from the population of US manufacturers during 1991-1996 from the US EPA
TRI, yielding 88,531 observations from 17,499 facilities. Only for ISO 14000 adoption,
data was collected from years 1996-1999, to be able to determine if ISO 9000 adoption
predated the ISO 14000 adoption. Four control variables were also considered in the
analysis: facility size, abatement costs (costs associated with treating plant emissions),
regulatory stringency, and permits (the generation of certain wastes and pollutants require
government approval). The main findings concluded that companies that adopt ISO 9000
are more likely to adopt ISO 14000, and that lean production is associated with pollution
prevention and lower emissions. Other conclusions include: lean production is
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complementary to environmental performance, lean production is associated with greater
source reduction and pollution prevention, and that lean is in fact green.
Rothenberg, Pil and Maxwell (2001) also examined the relationship between lean
practices and environmental performance. Two sets of surveys were administered to
manufacturers: one that collected data on environmental efficiency, and another that
captured broader metrics of manufacturing performance geared toward the automotive
industry. To measure lean practices, the authors used inventory, employee skill set and
employee involvement as independent variables; for environmental performance, energy
use, waste use and volatile organic compound (VOC) emissions were used as dependent
variables. Again, environmental performance was regressed on lean practices at the
univariate level, and the findings suggested a complex relationship between lean practices
and environmental performance in the form of trade-offs. Lean practices contributed to a
more efficient use of paint and cleaning solvents, and is also linked to resource
efficiency. Lean practices are, however, negatively associated to the reduction of VOC
emissions. The study was conducted on a relatively small sample of 31 manufacturing
facilities, all in the automotive industry, which may speak to poor validity and
generalizability of the findings.
In 2003, Pil and Rothenberg conducted another study looking at environmental
performance as a driver for quality. The authors based their research on the premise that
enhancing environmental performance involved many of the tools and techniques used to
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enhance quality: root-cause analysis, data tracking efforts, structured reporting and
information evaluation systems. Data for this study was drawn from the J.D. Power and
Associates group, which conducts global surveys on automotive assembly plants’
manufacturing performance. The key process observed was the paint application, which
is considered to have the most environmental impact. Study findings concluded that
enhanced environmental performance is associated with enhanced quality, but only on
those areas that have significant implications to environmental outcomes. Again, the
sample size was relatively small, 42, and all in the automotive industry, risking the
findings' validity and generalizability.
Hanson, Melnyk and Cantalone (2004), studied the relationship between Total
Quality Management (TQM) and Environmental Management Systems (EMS) as they
were implemented in a large number of companies. The authors examined these systems'
relationship at the managerial level, looking into how successful one system could be
over the other depending on how committed management was to their implementation.
The study also examined the trade-offs between systems and investigated the causal
effect of TQM on EMS, arguing that the order in which these systems are implemented in
a company can be a great determinant of success. The data was drawn from three
mailing lists: the National Association of Purchasing Management, the American
Production and Inventory Control Society, and another organization that remained
anonymous. The total number of respondents was 925 clustered in five SIC codes
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reflecting manufacturing companies that had already implemented ISO 14000 and with a
vast experience is quality assurance methods. The survey items were assigned to the
constructs of TQM and EMS, and the model was tested. The constructs were correlated
and additional items were cross-loaded to both constructs as common practices. The
measurement model was estimated using factor analysis, although the study does not
specify is it was an exploratory or a confirmatory factor analysis. Two findings were
uncovered: implementing TQM first does not guarantee a successful implementation of
EMS, and successfully implementing EMS is strongly associated with management's
commitment to environmental responsibility. The two limitations drawn from this study
were: the measurement models were not tested and the authors pointed out that they had
not been previously tested either; and generalizability can only be inferred to the
companies in the mailing lists where the data came from.
Bergmiller and McCright (2009) looked into the lean and green systems
similarities in terms of management systems, waste reducing techniques and business
results. They believed that even though the lean and green programs share many of the
same best practices for waste reduction they still operate independently within
companies. Furthermore, the authors hypothesized that a synergistic effect exists
between programs and companies that implemented LM will be more successful at
implementing GM. To back up their hypotheses, Bergmiller and McCright conducted a
correlation analysis among many lean and green variables (GM: EMS, years certified,
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product redesign, process redesign, disassembly, substitution, reduce, recycling,
remanufacturing, consume internally, prolong use, returnable packaging, spreading risks,
creating markets, waste segregation, and alliances; LM: quality, cost, delivery and
profitability). Very few correlations (only 18 pairs) turned out to be significant. The
authors believe that the relatively small sample size (47 total lean manufacturers)
analyzed did not yield the expected results. The major limitations to this study were, in
addition to the small sample size, that the data was pooled from a list of lean
manufacturers (Shingo Prize list), biasing the findings, and that only conducting a
correlation analysis to aim at answering the research question, as this type of analysis
does not offer the lean to green directionality the study called for. These findings
actually leave the path open to explore both lean to green and green to lean relationships,
as both may be possible as a synergistic relationship may exist among both
manufacturing systems.
In 2010, Yang, Lin, Chan and Sheu, conducted a mediation study using
environmental management as the mediator variable. The authors looked to determine if
continuous improvement and supplier management practices enhanced manufacturing
competitiveness when partially mediated by environmental management. A mediator
variable helps clarify the nature of the relationship between the independent variable and
the dependent variable. The statistical analysis used to test the various hypotheses was
multiple regression. Continuous improvement and supplier management were analyzed
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as constructs or latent variables. Manufacturing competitiveness was measured by cost,
quality and delivery—dependent variables regressed on the constructs one at a time. A
total sample size of 107 manufacturers from China and Taiwan was used from the
electronic and electric industries. A confirmatory factor analysis (CFA) was conducted
to assess the convergent validity of the constructs under study, and then the structural,
multiple regression analysis was conducted. The study found that the partial mediation
effect increased quality, but decreased cost and delivery. This study had some
limitations: a larger sample size was required for this analysis due to the amount of
variables of study, findings can only be generalized to the industry type and countries the
data came from, and the analysis was partitioned by measure of manufacturing
competitiveness—meaning, a regression analysis was conducted for each dependent
variable, separately.
A comparable study was conducted by Yang, Hong and Modi (2011) proposing
that LM should be an antecedent of GM, and that GM mediates the effect of LM on
improved business results and environmental performance. The sample was drawn from
309 manufacturers from several industry sectors and countries around the world, and
structural equation modeling (SEM) was the statistical method of choice. The LM
construct was further explained by three constructs (two-level latent model): just-in-time,
quality management and employee involvement. The GM construct, on the other hand,
was explained by just one indicator variable. Business results were measured by market
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performance and financial performance (also constructs). Environmental performance
was also analyzed as a construct. And three grouping variables were considered:
company size, continent and economy. All survey items called for a scaled response in
regards of the level of implementation of lean and green programs, and the level of
performance on business results and environmental performance. The study findings
include: lean leads to green, green improves environmental performance, lean and green
improve market performance, lean and green improve financial performance. This study,
while very comprehensive, shows some limitations: model fits are marginal at best, a
larger sample size is required for this type of analysis, the group analysis seems
incomplete—it shows how the dataset in each group fits the model but not whether or not
one group has a higher effect on the paths analyzed than the other or, furthermore, if no
effect differences exist (i.e. are there any effect differences among groups?).
Schoenherr (2012) investigated the effect of environmental management on
manufacturing competitiveness (defined by cost, quality, delivery and flexibility). Again,
structural, multiple regression was the statistical method of analysis employed, regressing
the various environmental management indicators on each of the manufacturing
competitiveness constructs. A sample size of 1,211 manufacturers from 21 countries was
used, and the country’s economic development was utilized in an analysis of variance
(ANOVA) analysis so determine if effect differences were significant among groups.
The study found that, overall, implementing environmental management practices do
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improve the various measures of manufacturing competitiveness, even if not all
contribute at the same level; and that these relationships are more noticeable on emerging
and developing economies—when compared with industrialized economies. The
limitation extracted from this study was in the form on hypothesis postulation and
conclusions: since the environmental managements practices were not analyzed as
constructs, findings can only be interpreted at the indicator variable level and inferences
on generalizability have to also be made accordingly. In other words, conclusions cannot
be extracted based on the implementation of environmental management practices, but on
each practice in particular.
Wiengarten and Pagell (2012) conducted the same kind of analysis, using quality
management as a mediator between environmental management and manufacturing
competitiveness (cost, quality, delivery, and flexibility) in multiple regression models.
Quality management, environmental management, cost, quality, delivery, and flexibility
were all analyzed as constructs. The data sample was pooled from 1,142 manufacturers
from 16 different countries. A CFA was conducted on each construct to assess for
goodness of fit of the measurement models; then, the structural analyses were conducted.
Again, the analysis was partitioned per manufacturing competitiveness construct in
structural, multiple regression models. The study found that quality management
positively impacts manufacturing competitiveness upon implementation of environmental
management practices.
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Table 1 below shows the list of variables used by the authors when studying the
lean-green relationship and its influence in business results.
Table 1. LM, GM and business results variables considered in the literature review.
Authors
King and Lenox, 2001

Lean Indicators
ISO 9001 adoption and
maximum inventory

Rothenberg, Frits and James;
2001

Inventory, employee skillset,
employee involvement

Pil and Rothenberg, 2003

Quality defects

Hanson, Melnyk and
Calantone; 2004

Total Quality Management
(TQM) practices

Bergmiller and McCright, 2009 Quality, cost, delivery,
customer
satisfaction/profitability and
total Lean results

Yang, Lin, Chan and Sheu;
2010
Yang, Hong and Modi; 2011

Narasimhan and Schoenherr,
2012

Supply Chain Management
(SCM) practices and
Continuous Improvement (CI)
Just In Time (JIT) Flow,
Quality Management and
Employee Involvement
Quality Management practices,
and Integrated Supply
Management practices

Schoenherr, 2012

Wiengarten and Pagell, 2012

Quality practices

Green Indicators
Business Results Indicators
Total CO2 emissions, relative
CO2 emissions, waste
generation, onsite treatment
and ISO 14001 adoption
Energy use, water use and
volatile organic compound
(VOC) emissions
Materials consumption, water
consumption and VOC
emissions
Environmental Management
Information feedback, plant
Systems (EMS) practices
environment, management
support, supplier relationship
and workforce management
EMS, years certified, total
Green Management System
(GMS), product redesign,
process redesign, disassembly,
substitution, reduce, recycling,
remanufacturing, consume
internally, prolong use,
returnable packaging,
spreading risks, creating
markets, waste segregation,
alliances and total Green
Waste Reduction Techniques
(GWRT)
Environmental Management
(EM) program

Cost, quality and delivery

Environmental Management
practices

Environmental performance,
market performance and
financial performance

Environmental Management
practices
ISO 14000 certification,
Cost, quality, delivery and
pollution prevention, recycling flexibility
of materials, and waste
reduction
Environmental practices
Cost, quality, delivery and
flexibility
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In summary, the lean-green relationship, and their influence in improved business
results, has been studied by many researchers. These researchers studied the lean-green
relationship in different ways and considered different indicators to measure leanness
(measure of LM), greenness (measure of GM) and business results (measure of company
health) in manufacturing companies. In some cases, only lean and green indicators were
considered—analyzed as they related to each other—and business results were not part of
the analysis. Additionally, the authors mostly focused on how lean practices lead to
green practices; in other words, how the reduction of lean wastes leads to the reduction of
green wastes, and consequently to improved business results. Finally, most of the authors
used lean indicators as indicators of manufacturing performance, as lean concepts,
techniques and outcomes are so widely accepted by manufacturing companies’ managers.
Modeling
The authors discussed in the previous sub-section approached the lean-green
relationship in various ways, exploring different frameworks. These research
frameworks vary in terms of variable selection (as shown above on Table 2), the type of
relationship studied and the directionality of said relationship.
King and Lenox (2001) studied the lean-green relationship hypothesizing that ISO
9000 adopters were more likely to also adopt ISO 14000 with findings supporting this
hypothesis, also concluding that LM is associated with pollution prevention and lower
emissions. Rothenberg et al. (2001) also investigated how lean practices affect
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environmental performance with findings suggesting a complex lean-green relationship:
LM contributes to resource efficiency but is negatively associated to VOC emission
reduction. Bergmiller and McCright (2009) looked into lean and green systems’
similarities, hypothesizing about the synergistic effect of these systems and suggesting
that companies that implement LM will be more successful at implementing GM. These
authors presented a clear LM to GM research framework in their studies.
A similar research framework is offered by these next authors. Yang, Lin et al.
(2010) studied the effect of continuous improvement and supplier management on
business results mediated by environmental performance. The study found that the
mediation effect was present in some dependent variables but not on all of them. Yang,
Lin et al. (2010) proposed that LM should be an antecedent of GM, and that GM
mediated the effect of LM on business results. The study yielded favorable results to the
hypotheses postulated. The LM to GM direction is also present in these studies, but GM
serves as a mediating variable between LM and business results.
Other lean-green-business results relationships have been studied. Pil and
Rothenberg (2003) examined how environmental performance acts as a driver for quality,
proposing a GM to LM relationship. The study concluded that environmental
performance does increase quality but only in areas with significant implications to
environmental outcomes, and proposed a GM to LM research framework. Schoenherr
(2012) investigated the effect of environmental management on business results, also
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proposing a GM to LM path of study. Finally, Wiengarten and Pagell (2012) investigated
the mediating effect of quality management on environmental management and business
results, proposing a GM to LM to business results research framework.

Lean

Green

Lean

Green

Green

Lean

Green

Lean

King and Lennox (2001)
Rothenberg, Pil and Maxwell (2001)
Bergmiller and McCright (2009)

Business
Results

Yang, Lin, Chan and Sheu (2010)
Yang, Hong and Modi (2011)

Pil and Rothenberg (2003)
Schoenherr (2012)

Business
Results

Wiengarten and Pagell (2012)

Figure 5. Summary of research models reviewed.
Statistical Methods
The authors reviewed in this chapter proposed various research models.
Additionally, the research studies approached data collection differently and made use of
various statistical methods for data analysis. Sample sizes for data range from tens of
cases to hundreds and to thousands, sometimes collected as continuous and sometimes, as
ordinal. The statistical methods used range from correlation and regression analyses to
multiple regression analyses and SEM.
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Bivariate correlations examine the strength of the relationship between two
variables (how one variables varies the other one), but do not differentiate between
independent and dependent variables (Kline, 2011). Bergmiller and McCright (2009)
conducted a correlation study with several lean and green variables. Their research
objective was to determine if companies that implement LM are more successful at
implementing GM, assessing for the synergistic effect of lean and green systems. A
correlation analysis, however, cannot address this research objective as this research
called for directionality of the lean-green relationship. The study sample was pulled from
the Shingo Prize for Manufacturing Excellence award list (America's pre-eminent lean
designation), where 120 companies were surveyed but only 47 responses were submitted.
Out of 90 pairwise correlations analyzed, only 18 were found to be significant, and even
the authors recognized that these results were not strong. Furthermore, the study may
have been biased toward leanness as all companies surveyed were high LM achievers.
Finally, a correlation analysis does not offer proof of causation, which was one of the
authors' hypotheses. The authors do encourage other researchers to better explain the
lean-green relationship and develop integrated waste-reduction models.
Other researchers investigated the lean-green relationship via regression
analyses. In simple regression analysis, a dependent variable is predicted by a single
independent variable. King and Lenox (2001) investigated the lean-green relationship
with various lean (independent) and green (dependent) variables, conducting regressions
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of one lean variable on one green variable at a time resulting in several regression
analyses. This statistical method is different from correlation analysis in that correlations
make no distinctions between independent and dependent variables. The disadvantage of
regression analysis in this particular research is that the various lean variables may be
significantly correlated and the same may hold true for the various green variables; and
that being the case, it would have been more powerful to analyze the lean-green
relationship at the multivariate level (Tabachnick & Fidell, 2001). Rothenberg et al.
(2001) conducted the same type of analysis (simple regression) regressing the green
variables on the lean variables, one independent-dependent relationship at a
time. Furthermore, this study was conducted on a very small sample of manufacturing
facilities, risking the study's validity and the generalizability of the findings. Only 31
facilities were studied and all from the automotive industry.
Multiple regression analysis was employed as the statistical method in many of
the reviewed research to predict the effect of two or more independent variables on one
dependent variable. This method becomes very useful when the independent variables
are believed to be correlated and, by the researcher's theory, they may all predict the
dependent variable of study (Tabachnick & Fidell 2001). Pil and Rothenberg (2003)
based their research on the belief that enhancing environmental performance would
enhance quality since many of the tools and techniques are very similar. The authors
conducted a multiple regression analysis using one dependent lean variable (quality) and
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several independent green variables (measures of environmental performance). Again a
relatively small number of facilities was studied, 71, and they all belonged to the
automotive industry, which limits the study's validity and the generalizability of the
findings. Similarly, Schoenherr (2012) conducted a multiple regression analysis
examining the effect of several green independent variables on business results, one
result at a time. The study showed that these business result variables are in fact
correlated and could form a theoretical construct. Therefore a more comprehensive,
multivariate analysis should have been considered to analyze the influence of the
independent variables on the dependent variables, given the relatively large sample size.
Mediation analysis was also adopted by some of the researchers, combined with
other statistical methods, like multiple regression and SEM. Mediation provides a better
understanding of the relationship between two variables (Baron & Kenny, 1986). Yang,
Lin et al. (2010) modeled the LM to GM to business results relationship, finding that the
mediation effect of GM increased for just one of the business results variables. The
authors revealed that because of their relatively small sample size of 107 manufacturers,
multiple regression seemed to be the appropriate statistical method, but for a similar
analysis with a larger sample size, SEM should be considered as the most appropriate
method of analysis. Comparably, Wiengarten and Pagell (2012) used LM as a mediator
between GM and business results conducting a multiple regression analysis for each
business result variable. Again, when variables of the same theoretical construct show
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significant correlations, they should ideally be analyzed at the multivariate level given the
proper sample size. Yang, Hong et al. (2011) used the SEM method to analyze his LM to
GM to business results model. The authors, however, had a rather small sample size for
this type of analysis (309 manufacturers).
In regards of parameters’ estimations for the CFA many of the researchers
conducted, data was treated as continuous when it was in fact ordinal. Continuous data is
measured on an interval scale and possesses desired distributional properties (e.g. normal
distribution). Bergmiller and McCright (2009), Yang, Lin et al. (2010), Yang, Hong et
al. (2011), Schoenherr (2012) and Wiengarten and Pagell (2012) used survey items for
data collection employing order-response scales. Bergmiller and McCright (2009)
conducted a correlation analysis using the Pearson correlation matrix, when in fact a
polychoric correlation matrix is a more appropriate matrix to run a correlation analysis on
ordinal data (Gadermann, Guhn & Zumbo, 2012). When producing a Pearson correlation
matrix, if a polychoric is more appropriate, the correlation coefficients tend to be underestimated, which may lead to issues like collinearity (Holgado-Tello, Chacon-Moscoso,
Barbero-Garcia & Vila-Abad, 2008). At the same time, these Pearson coefficients cannot
be properly interpreted since they are calculated under the assumptions that the data is
continuous and follows a symmetric, not skewed distribution. Ordinal data violates those
assumptions as it may or may not be skewed. Moreover, calculating means and standard
deviations when dealing with ordinal data is a meaningless exercise, numerically.

44

Frequency tables provide a more convenient assessment of the data and one can visually
determine the data’s “curve”, which in ordinal data, is usually particularly skewed
(Gadermann et al. 2012).
Correlation matrices are used as inputs for CFA and SEM analyses, and inputting
the wrong matrix may result in wrong estimation of parameters and reliability indices
(Tabachnick & Fidell, 2001). Yang, Lin et al. (2010), Yang, Hong et al. (2011),
Schoenherr (2012) and Wiengarten & Pagell (2012) employed Pearson correlation
matrices in their calculations when estimating factors (via CFA) and calculating the
factors’ reliability indices. When conducting factor analysis to test for construct validity
of a measurement instrument, it is extremely important to take into account the
measurement scale used (Holgado-Tello et al., 2008). Furthermore, the authors do not
mention the estimator (e.g. maximum likelihood [ML], weighted least squares [WLS],
etc.) used for factor estimations. The use of one estimator over another depends on the
data’s distribution and sample size, and not using the right one results in poor validity of
the study (Brown, 2006).
Gap in the Body of Knowledge
The lean and green literature was reviewed in this chapter in terms of theory,
modeling and statistics. Researchers approached the lean-green relationship in several
fashions, proposing different research models: LM to GM, LM to GM to business results,
GM to LM, and GM to LM to business results; with LM to GM being the most prevalent.
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These research models were tested conducting different statistical analyses, from
correlation to multiple regression to SEM. There are, however, considerable gaps in the
literature in terms of data analysis. Most current research utilizes data that was collected
via survey employing an order-response scale. As explained previously, this data is
considered to be ordinal—not continuous, requiring a specific set of statistical methods
for its analysis. Additionally, not all lean-green models were exhausted. To date, no
research has explored the relationship between lean techniques and materials recycling—
as a green technique, and their influence in lean outcomes. This dissertation intends to
explore how materials recycling assists lean techniques in enhancing lean outcomes,
making use of the appropriate statistical methods.
Research Originality
The lean-green relationship has been studied many ways by various researchers in
the past two decades. While some researchers have investigated this relationship using
several lean and green variables, others however have taken a specific set of variables
from these manufacturing systems to be the object of their study. Furthermore, the
theoretical models used to test the lean-green relationship employed statistical methods
and parameter estimators not appropriate to address the proposed research objectives and
hypotheses. Finally, a gap exists in the body of knowledge in regards of the relationship
between Lean Manufacturing and materials recycling as one of Green Manufacturing’s
most important waste reduction techniques. A strong motivation for this type of research
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surged from Narasimhan and Schoenherr’s (2012) article, where the authors state that is
not the application of any practice that will lead to superior performance but applying the
right ones that exhibit the best overall fit with the objectives.
This dissertation aims at examining this relationship by specifically investigating
1) if a correlation exists between lean techniques and material recycling, as these two
variables also influence lean outcomes (Figure 6); and 2) the mediating effect of
materials recycling between lean techniques and lean outcomes (Figure 7). In this
proposed research, the correlation between lean techniques and materials recycling will
be tested to then determine if they both predict lean outcomes. A statistically significant
correlation will support RQ 1). Circles denote latent constructs and the square, an
indicator (measured) variable.

Lean
Manufacturing
Techniques

Lean
Manufacturing
Outcomes

Materials
Recycling

Figure 6. First proposed model, to answer RQ 1.

47

A mediation analysis aids in understanding the relationship between an
independent variable (predictor) and a dependent variable (criterion). In other words, the
mediator accounts for the relationship between the predictor and the criterion (Baron &
Kenny, 1986). For this proposed research, this means that introducing the materials
recycling indicator as a mediating indicator between lean techniques and lean outcomes
variables (as shown in Figure 7), should reduce the relation between these variables to
find evidence to support RQ 2).

Lean
Manufacturing
Techniques

Lean
Manufacturing
Outcomes

Materials
Recycling

Figure 7. Second proposed model, to answer RQ 2.
Materials recycling is chosen as the green waste-reduction technique because of
its many benefits and its influence in reducing other green wastes in addition to reducing
solid waste. Recycling primarily helps in reducing waste, saving natural resources,
saving landfill space and protecting the wildlife. It also saves money on raw materials,
waste disposal, energy, and water; it creates less water pollution, and prevents global
warming by reducing the amount of GHG emissions released into the atmosphere
(Recycling, 2009). In addition to these many benefits, recycling also promotes the use of
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other green waste-reduction techniques, such as Life Cycle Assessment (LCA). LCA
assists in determining opportunities to improve the environmental performance of
materials at various points of their life cycle, which then leads to Design for Recycling
(DfR) and Closed Looped Systems (Worrell, 2014).
Another limitation extracted from the literature review was in the form of
statistical analyses. These analyses range from simple correlation analysis to multiple
regression models, but most of the relationships being investigated and the hypotheses
being tested are sectioned, meaning each dependent variable is predicted by the set of
independent variables and each model is analyzed separate from each other. These
dependent variables, however, are almost never analyzed at the multivariate level. This
analytic causes inflations in estimated errors since not all pieces of the relationship are
modeled at once: it is as if each separate model is under-modeled or poorly fitted. This
research proposes the use of structural equation modeling (SEM) as the statistical
analysis tool used to test the models’ hypotheses and answer the research questions.
SEM is a statistical technique used for testing and estimating predicting or causal
relationship between variables. One of the strengths of the SEM technique is the ability
to construct latent variables, via confirmatory factor analysis (CFA). Latent variables are
variables that cannot be observed, but can be estimated through a set of observable
variables or indicators. Latent variables defined by a set of factors are called
measurement model—which can be either exploratory or confirmatory. Once the
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measurement models are properly fitted, paths can be built, connecting the various latent
variables and indicators; these measurement models connected by paths are what is called
a structural model. Latent variables are represented by circles, and indicators, by
rectangles. (Kline, 2011). For this proposed research, the lean-green relationship is
examined with a structural model formed by lean techniques, lean outcomes (latent
variables) and one green technique (indicator): materials recycling. The objective is to
determine if materials recycling aids lean techniques in improving lean outcomes.
CFA and SEM are strong analytical tools with various benefits to this proposed
research: allow for testing equivalent models across different populations, which allows
for study replications and theory development; adjusts for measurement error, ensuring
the reliability of the indicators and latent variables; and better explain the relationship
among complex variables at the multivariate level, including the directionality of said
relationship. By exploring the specific relationship between LM and materials recycling,
and conducting the proper statistical analysis, this proposed research keeps developing
good theory in the realms of LM and GM, and makes a direct contribution to the body of
knowledge as well as to real world applications in the Industrial and Manufacturing
Engineering field. This research differentiates between current, competing theories and
aims at clearly explaining how specific relationships lead to specific events; and these
explanations are critical for good theory building.

50

CHAPTER III
METHODOLOGY
Introduction
Resource consumption rapidly increases all over the world and in order to meet
resource demand for this and future generations there is a need for designing reusable,
recyclable products and making production processes more efficient and less wasteful.
The manufacturing industry generates the highest amount of waste when compared to all
other industries and therefore presents the biggest opportunity for waste reduction and
process efficiency improvements. To address the efficiency of operations, manufacturers
turn to Lean Manufacturing; to decrease resource consumption, manufacturers implement
Green Manufacturing.
Both manufacturing systems, LM and GM, focus on waste reduction to achieve
their goals. And even though waste is defined differently by these two systems, their
overall goal is very similar: do more with less. Furthermore, when measuring resource
consumption and determining the best way to tackle its reduction, lean and green systems
come together and enhance each other’s outcomes. Because of this correlative goal,
these systems are often viewed as complementary in manufacturing environments. This
way of thinking has encouraged researchers to study the lean-green relationship and how
it affects manufacturing outcomes.
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Proposed Research
The lean-green relationship has been approached in different ways, proposing
varying research frameworks, and analyzing these frameworks using a diverse set of
statistical methods. In reviewing the current literature many gaps where identified: not
all lean-green models have been studied, principally one that studies the effect of a
specific green technique on lean outcomes; and the statistical methods for data analysis
were not properly chosen.
In view of these limitations in the body of knowledge, this research examined the
lean-green relationship by answering the following research questions:
 RQ 1) Are lean techniques and materials recycling correlated, and do both predict
lean outcomes? (See Figure 6.)
 RQ 2) Does materials recycling act as a mediator between lean techniques and
lean outcomes? (See Figure 7.)
This research focused on manufacturing facilities as the unit of measure for
database building, analysis and generalizability of findings. Four control variables were
also considered in the analysis, i.e. company size, production shifts, continent, and the
country’s economic development.
The next section fully describes the selection of the database and the rationale for
using it, to fulfill the purpose of this research.
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Database Selection
Description
The data for this study was collected by the Global Manufacturing Research
Group (GMRG) between 1995 and 2001 via a survey questionnaire focused on gathering
information on manufacturing practices around the world. The GMRG is an international
group of scholars dedicated to the study and improvement of manufacturing operations
world-wide. These scholars have administered the survey in their respective countries
and then shared the results with the rest of the research group. The survey and its
measures have been continuously improved over the years since its conception in 1985,
adapting to changing operations realities and resulting in numerous publications,
providing significant insight into global operations management. The data used in this
research was the second round of data collected by the group (GMRG II). Because
interaction with human subjects is null for this particular research (in terms of actual data
collection), the need for Human Subjects Institute Review Board (HSIRB) approval is not
applicable (see Appendix A).
Only the sections of the survey containing the variables of interest will be used for
this research: resource investment in manufacturing programs (lean techniques and
materials recycling) and competitive advantage (lean outcomes). Targeted respondents
were plant managers who were believed to possess the most comprehensive knowledge
of the manufacturing facility under study. However, the plant managers were advised to
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seek help from other managers and associates as needed. To ensure the comparison of
the items across countries, rigorous translations and back-translations of the survey were
conducted. Also, the standardized nature of the survey allowed for the easy pooling of
data from various countries, and subsequent data analysis and comparisons.
Data was gathered using five-point order-response scales. For the technique
variables, the question was posed as: “in the last two years, to what extent has the
company invested resources (money, time, and/or people) in programs in the following
areas?” with the scale going from “not at all” (value = 1) to “to a great extent” (value =
5). And for the outcome variables, the question was: “from your point of view, how do
you think your company compares with its competitors?” with the scale going from “far
worse” (value = 1) to “far better” (value = 5). The data collected yielded a set of 1,159
usable responses from manufacturing plants in 22 countries. Even though some subjects
are missing some variable values, the amount missing is insignificant (.05%) compared to
the overall amount of data available. Countries will be grouped by continent (America,
Europe and Other) (Yang, Hong et al., 2011) and by economic development (developed
and developing) (Schoenherr, 2012). Company size (Yang, Lin et al., 2010; Yang, Hong
et al., 2011; Wiengarten & Pagell, 2012) and production shifts will also be considered as
control variables. While most of the control variables are extracted from the reviewed
literature, the interest in production shifts comes from the assumption that the more
employees and hours of work prevail in a company, the more waste is generated, and
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therefore an urgency for waste reduction should be more apparent. Standard Industrial
Classification (SIC) codes have not been used in the literature as a control variable to
differentiate between manufacturing industries since the SIC codes used in some
countries have no equivalent codes in other countries (Whybark, 1997) and therefore
equivalent comparisons are not feasible.
Rationale
In order to conduct the research study proposed in this dissertation, a reliable and
relatively large data sample was required. Because some sections of the GMRG II
database contain the variables and information required for this study, in addition to
yielding a considerable amount of usable responses, the database is considered
appropriate for the proposed data analysis. And because this survey measures the actual
area of interest (i.e. manufacturing practices), it is considered to have content validity,
and again, to be appropriate for this research study. Nevertheless, the data cannot be
added as an appendix in this dissertation, but can be made available upon request. Even
though, more recent survey rounds have been used for data collection, the GMRG does
not release the data collected until all the gatherers have made extensive use of it and had
the opportunity to publish numerous academic articles in journals around the world.
When the survey was designed, no specific theory or research model was used as
the base for building the measurement instrument. This general descriptive design was
intentional as one of the main objectives of the survey was to motivate theory testing and
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even some theory building (Whybark, 1997). However, operations management
literature and consultants from this field suggested that certain practices were associated
with good manufacturing performance. This assumption did guide some of the questions
proposed in GMRG II, to allow for the testing of some hypotheses on the relationship
between practice and performance, which makes this database more reliable for the
purposes of this study. Moreover, the concern that pulling data from different countries
(small to large, developing to developed economies) may result in non-comparable
findings was quickly dissipated after the researchers found (in surveys I and II) that there
is much common knowledge on manufacturing management around the world, allowing
for more sharply focused hypotheses testing and theory building (Whybark, 1997).
The GMRG survey efforts have changed over the years. With the first survey, the
question was one of feasibility: “can we develop a survey that could be translated and
administered in various countries/economies around the world?” The first few years
provided positive results motivating the group to conduct the second round of data
collection, this time focusing on identifying which manufacturing practices were
associated with higher levels of performance. The variety of manufacturing techniques
usually confuses more than it enlightens, promoting research opportunities to examine
which techniques to apply first, second and beyond, which ones to be considered the most
influential and which ones to be considered trade-offs when implementing those over
others (Corbett & Whybark, 2001). These design considerations align very well with the
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research proposed in this dissertation. Some manufacturers may get a higher
performance out of a set of techniques than other manufacturers do. Finding out why
should be a high research priority (Corbett & Whybark, 2001).
One of the advantages of the second round of data over the first round was the
decision of the group to not request as much financial information as they did during the
first round. Pilot studies of the first survey suggested that little financial information
could be collected, due to companies’ refusal to provide sensitive data. Additionally,
accounting systems vary between countries and so assuring comparability of the data
would have been very difficult. These considerations led to a larger sample size of data
collected on the second round and many academic publications.
Another advantage of the second round was its intention to be more researcherrespondent friendly than the first round. The second round includes more order-response
scales making the survey seem longer but easier to fill out and analyze. Another benefit
of employing order-response scales is that rather than eliminating manufacturers with
extreme data points, their values are contained at the highest or lowest 20% level (in a
five-point scale), which has the advantage of keeping all the data but not weighing
extreme points heavily. Other benefits of the order-response scale include: easy,
universal method of data collection and analysis, and participants can remain neutral to
some opinions if they choose to do so.
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In regards of manufacturing metrics, additional advantages to the order-response
scale can be further explained. GM enhances business results by reducing water and
energy consumption, air pollution and developing zero-waste products, processes and
supply chains. But pursuing these goals requires recruiting a quality, skilled, and
environmentally conscious workforce. These are hurdles that make managers hold back
in implementing GM. Other hurdles include the lack of generally accepted green
standards, metrics and certifications, and the lack of reliable prices for carbon and water,
which are essential for tracking progress and planning for green projects. Additionally,
green initiatives require cooperation and shared knowledge, which may compromise
trade secrets and proprietary information with competitors and other business partners
(Leahu-Aluas, Burstein & Durham, 2010). The fact that this survey’s data was collected
by asking plant managers about the extent of their investments in manufacturing
programs and how their companies compare to their competitors, as opposed to having
them reveal confidential information, made the managers more amenable to answer these
questions and the researchers were able to collect a considerable amount of data from a
large sample of manufacturers worldwide.
These considerations allow for sound research in the manufacturing field since the
data can then be considered reliable. This is noticeable with the research publications
produced by this data and subsequent rounds (surveys III and IV) as the same questions
and scales were kept due of their previous successes.
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Statistical Analysis
This section of the chapter describes the methodology for the statistical analysis
that will be conducted in this dissertation. First, all variables of study are listed,
including their underlying latent constructs. Second, the data considerations and
statistical procedures employed are described: structural models, hypotheses to be tested
to answer research questions, analysis outline, statistics software to be used and goodness
of fit assessments. SEM was used to analyze the data and test the lean-green relationship
with a two-step approach: first, the measurement models were tested to assess for their
construct validity, convergent validity and reliability of the scales used; second, the
structural relationships were tested. The lean-green relationship was examined with a
structural model formed by lean techniques, lean outcomes (constructs) and materials
recycling (indicator). The goal was to determine if materials recycling aided lean
techniques in improving lean outcomes.
Measures
Lean techniques (LT) and lean outcomes (LO) were analyzed as latent variables
or constructs, based on the literature reviewed in chapter two; and materials recycling
(MR) was analyzed as an indicator variable. Table 2 below lists all variables analyzed.
Each latent construct is explained by its various indicators. Delivery and flexibility are
also LO, represented as latent constructs. Codes were given to all variables to carry out
the statistical analysis.
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Table 2. Construct measurement items.

Latent Construct
Indicator Variable
Variable Code
Lean Techniques Cellular manufacturing
cel_mfg
Employee participation programs
emp_part
Factory automation
fac_auto
Just-in-time systems
JIT
Manufacturing time reduction
time_red
Materials requirement planning
MRP
Productivity improvement
pro_imp
Setup time reduction
setup_red
Process analysis
proc_ana
Statistical process control
SPC
Supplier partnership
supplier
Total quality management
TQM
Lean Outcomes Cost
cost
Quality
quality
Delivery
Manufacturing throughput time
thruput
Delivery speed
speed
Delivery as promised
promised
Flexibility
Flexibility to change product
prod_ch
Flexibility to change output volume
vol_ch
Green Technique Materials recycling
MR
Structural Models
Figure 8 and Figure 9 below show the structural version of the proposed models
depicted earlier in Figure 6 and Figure 7, respectively. These models were fitted and then
compared to assess for goodness of fit and determine which of the two models can better
explain the relationship between these variables, based on the research questions posed
by this dissertation. Each structural path represents a hypothesis to be tested by the
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model to answer questions about the relationship between the variables on each end of
the path. The first model examined the correlation question, and the second, the
mediation question. Then, the grouping variables were introduced as part of the analysis
to determine the effect of these variables in each structural model, and examine whether
these grouping variables strengthen the relationship between the exogenous and
endogenous variables, or if they are to be considered nuisance variables. The grouping
variables are: size, shifts, continent and economy.
Cellular
Manufacturing
Employee Participation
Programs

Manufacturing
throughput time
(speed)

Factory Automation
Delivery

Delivery Speed

Just-In-Time
Systems
Delivery as
Promised

Manufacturing Time
Reduction

Unit Cost of
Manufacturing

Material Requirement
Planning

Lean Manufacturing
Techniques

Lean Manufacturing
Outcomes

Productivity
Improvement

Quality of Products

Setup Time
Reduction
Flexibility to Change
Product

Process Analysis
Materials Recycling
Statistical Process
Control
Supplier
Partnerships
Total Quality
Management

Figure 8. First proposed model as a structural model.

Flexibility
Flexibility to Change
Output Volume
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Figure 9. Second proposed model as a structural model.
The LT and LO latent constructs were analyzed as measurement models, and
assessed for goodness of fit via CFA. A strong a priori basis from the reviewed literature
warrants the use of a confirmatory approach instead of an exploratory one. The
measurement models for the latent constructs are shown in Figure 10 along with the
parameters to be estimated for each model: each arrow denotes a parameter to be
estimated. The hypothesis to be tested is whether indicators significantly load onto their
theoretical latent constructs assessing for convergent validity, i.e.:
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 H0: cel_mfg significantly loads onto lean techniques;
 H1: cel_mfg does not load onto lean techniques.
The same hypotheses will be tested for each LT, and again for the LO, including
correlation hypotheses between the three outcome variables:
 H0: ρ = 0, for each pair;
 H1: ρ ≠ 0, for each pair.
Cellular
Manufacturing
Employee Participation
Programs

Cost
Lean Outcomes

Factory Automation

Quality
Just-In-Time
Systems
Manufacturing Time
Reduction

Thru-put
Material Requirement
Planning

Lean Manufacturing
Techniques

Delivery

Speed

Productivity
Improvement

As Promised
Setup Time
Reduction

Process Analysis

Change Product
Statistical Process
Control

Flexibility
Change Volume

Supplier
Partnerships
Total Quality
Management

Figure 10. Measurement models to be assessed before conducting the SEM analysis.
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The arrows going from the latent construct to the indicators represent the factor
loading estimations. The other arrows coming into the indicators represent error terms.
And the two-headed arrows between constructs denote correlation estimations. Good fit
was determined by comparing the predicted data to the raw data: small errors provide
evidence of good fit. Various goodness of fit parameters were assessed for each model to
determine if the fit is poor, adequate/good, or great.
cel_mfg

emp_part

speed

fac_auto

Delivery

JIT

thruput

promised

time_red

MRP
Lean
Techniques

Lean
Outcomes

pro_imp

cost

quality

setup_red

proc_ana

SPC

prod_ch
MR

supplier

TQM

Figure 11. Full structural model for RQ1.
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Figure 12. Full structural model for RQ2.
The various parameters to be estimated for the full structural models are presented
above in Figure 11 and Figure 12. In addition to the measurement models’ estimations,
the structural models test hypotheses of paths between constructs and, in this case, an
indicator variable. For instance, the path going from lean techniques to lean outcomes
hypothesizes if lean techniques can predict lean outcomes. This time, notice that the
three endogenous variables have an error term, but lean techniques and materials
recycling do not, since they are exogenous variables. Again, directional arrows represent
paths to be regressed, and two-headed arrows represent observed correlations.
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Other Analysis Considerations
Data screening is a must when conducting any statistical analysis. In this
particular case, the survey items yield categorical measures. All descriptive statistics
were shown at the beginning of the analysis, and an initial visual check of the frequency
distributions for each variable was conducted to assess for skewness, and floor and
ceiling effects. As stated previously, only .05% of the data is missing and no imputation
was conducted to replace the missing values. Bivariate correlations were calculated
using a polychoric coefficient; these correlations assessed for collinearity issues.
Parameters were estimated using a weighted least squares mean/variance adjusted
(WLSMV) estimator, which is appropriate for categorical data, large sample sizes (>
250), possible floor and ceiling effects. Goodness of fit was assessed for both
measurement models; then, it was assessed for both structural models: for how well the
models performed, and if one model performed better than the other (in other words,
whether the correlation model explains the lean-green relationship better than the
mediation model, or vice-a-versa). SAS 9.4 and MPlus 7.3 statistical software was used
for all data analyses.
Pilot Study
A pilot study for the proposed research study was conducted in preparation for the
main study. The pilot study afforded the opportunity to thoroughly screen the data,
address logistical issues, and determine the efficacy of the proposed analytics. Finally,
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the pilot study delimited all analysis steps and results of interest relevant to the main
study. In other words, it served as a test run of the main study. The following
subsections describe the steps and results of the pilot study conducted for this
dissertation.
Data Screening
Frequency tables and graphs were generated (Appendix D) for all variables, to
observe and understand the data’s behavior, and assess for excessive skewness or
ceiling/floor effects. The data on all variables seem to provide enough variability among
all five scales: no extreme skewness is perceived. Variables cel_mfg and JIT present a
higher response rate for scale one, translating in minimal investment of resources toward
those manufacturing practices, i.e. cellular manufacturing and just-in-time, respectively
(see Figure 13 and Figure 14). Outcome variables present a higher response rate for
scales two to five or, in some cases, three to five (see Appendix D).

Figure 13. Frequency graph and table for cellular manufacturing.
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Figure 14. Frequency graph and table for just-in-time.
Pairwise correlations were estimated using polychoric coefficients (ρ).
Significance was assessed at a .05 alpha level. The following were the hypotheses tested:
(a) H0: ρ = 0, for each pair, and (b) H1: ρ ≠ 0, for each pair.
Most pairs showed significant correlations (rejecting H0 at p < .05) (see Appendix
E). P-values were estimated from two correlations tests: Wald and likelihood ratio (LR).
Both tests perform well and similarly for relatively large sample sizes. Significant
correlations support the research questions posed by this study: (a) Lean techniques
significantly correlated to lean outcomes, (b) materials recycling significantly correlated
to lean techniques, and (c) materials recycling significantly correlated to lean outcomes.
Knowing that there is a significant correlation among these variables strengthens the
following analyses of CFA and SEM. The non-significant correlations (failing to reject
H0) are shown below on Table 4 below.
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Table 3. Non-significant correlations.

Variable
cel_mfg
cel_mfg
S PC
S PC
S PC

With
quality
prod_ch
speed
promised
prod_ch

N
1102
1099
1135
1132
1134

Correlation
0.03727
0.05241
0.05764
0.05415
0.06359

Polychoric Correlations
Wald Test
S td Error
Chi-S quare
0.03639
1.0491
0.03567
2.1592
0.03333
2.9903
0.0335
2.6131
0.03333
3.6394

Pr > ChiS q
0.3057
0.1417
0.0838
0.106
0.0564

LR Test
Chi-S quare
Pr > ChiS q
1.0388
0.3081
2.0996
0.1473
2.9145
0.0878
2.5606
0.1096
3.5186
0.0607

The largest correlation coefficient estimated was .75 between speed and thruput.
Seeing that this was the largest coefficient, issues with collinearity are minimal, as this
value is below the value considered to be a collinearity risk: .80 and above (Tabachnick
& Fidell, 2001). All other pairwise correlations were far below this standard and did not
exceed .65, further suggesting that collinearity should not be an issue when conducting
the proposed statistical analyses.
Simple Regression with Correlation and Partial Mediation Analyses
To determine the efficacy of the variables of study and the proposed statistical
analysis, regression, correlation and partial mediation concepts were illustrated in a
simple (small scale) analysis. The regression analysis was conducted using one LT as the
independent variable and one LO as the dependent variable. Then, MR was introduced:
first, correlated to the LT and both predicting the LO; second, as a partial mediator
between the LT and the LO. Polychoric correlations and a WLS estimator were utilized
to conduct these analyses.
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TQM

Figure 15. Simple regression analysis with one lean technique and one lean outcome.
Figure 15 shows that quality regressed significantly on TQM, as expected per lean
theory (.05 level of significance), with an R2 of 7.1%. The regression coefficient is equal
to 0.213 with a standard error of 0.024. When MR is introduced to the model (either to
correlate with TQM and predict quality, or as a mediator between TQM and quality), the
regression coefficient TQM  quality should significantly decrease if evidence of
correlation and/or mediation is found, since part of the LT-LO relationship will be better
explained through MR.

TQM

Figure 16. Regression analysis with correlation.
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The correlation coefficient between TQM and MR pair shown on Figure 16 was
significant at a .05 level of significance and moderate to large in magnitude at 0.556 with
a standard error of 0.06. As in the previous model, the path from TQM to quality was
also significant (p < .05), but its value was diminished relative to the simple regression
analysis. The MR to quality path, however, was not significant. The R2 for the model
was (7.2%). These findings show evidence that the TQM -quality relationship does not
significantly changes when introducing MR to the model. In other words, MR is
significantly correlated to TQM, but it does not predict quality.

TQM

Figure 17. Regression analysis with partial mediation.
In Figure 17, MR is modeled as a mediator variable. The TQM to MR path was
statistically significant (p < .05) of value equal to 0.330 with a standard error of 0.029.
The R2 for MR was 12%; and the R2 for Quality was 7.2%. Again, the MR to quality
path was not significant, which means that MR does not show evidence of a mediating
effect on quality.
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Structural Analyses with Correlation and Partial Mediation Relationships
The same correlation and mediation analyses were conducted again, but using the
latent construct of LT instead of TQM as the independent variable. First, a CFA was
conducted to assess for goodness of fit of the measurement model. All 12 LT indicators
were loaded on one factor or latent construct, LT. The reason being that by theory, these
indicators should all load significantly on one factor and show a good model fit.
Table 4. Factor loadings for lean techniques.

LT by Estimate S.E. Est./S.E.
cel_mfg 0.643 0.020 32.501
emp_part 0.774 0.013 57.861
fac_auto 0.672 0.016 40.904
JIT
0.784 0.014 55.87
time_red 0.844 0.011 79.221
MRP
0.763 0.014 55.237
pro_imp 0.884 0.010 91.733
setup_red 0.799 0.012 68.389
proc_ana 0.854 0.010 83.903
SPC
0.75 0.015 49.865
supplier
0.625 0.018 34.821
TQM
0.776 0.014 56.249

Two-Tailed
P-Value
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

Convergence validity is achieved as all indicators significantly load on the LT
construct at a .05 level of significance (see Table 4 above). And the ordinal alpha
(reliability coefficient) for this construct is equal to .948 (desired ranged: > 0.7),
calculated using the formula from Gadermann et al., 2012. However, other goodness of
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fit measures were assessed that show that this model does not provide a good fit. Table 5
below shows the various measures recommended by Brown (2006) for assess for
goodness of fit in CFA and SEM analyses.
Χ2 is a descriptive goodness of fit index that assesses how well the estimated data
fit the raw data. Even though is the most commonly used index, it is often overlooked
because it can be biased if sample sizes are relatively large or if normal assumptions in
the data is violated. Other relative indices are usually relied on more heavily. The root
mean square error of approximation (RMSEA) is a parsimony correction index and it is
considered to be a more reasonable measure of good fit. The comparative fit index (CFI)
and Tucker-Lewis index (TLI) offer comparative fit measures, comparing the model to a
more constraint one—where correlations among indicators are set to zero.
Table 5. Measures of goodness of fit for the CFA.
Goodness of fit parameters
Parameter Value (90% CI) Recommended Range Fit Assessment
Χ²
p < .0001
> .05
Poor
RMSEA .079 (.072, .086)
< .06
Poor
CFI
.924
> .95
Poor
TLI
.907
> .95
Poor
CI = Confidence Interval.

Modification indices (MI) were also calculated for this model to assess for needed
changes to the model. MI provide a measure of improvement for each recommendation.
These recommendations come as paths added to the model in the form of indicators
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loading on other latent variables or errors correlations. MI alone should not be a measure
of how many changes are needed to improve a model, especially in this case that the
expected parameter changes are not significantly high. But another strong [added]
indication is the poor model fit. These two measures together do indicate that the model
can be further improved before moving on to the structural analyses.
The MI column on Table 6 shows the Χ2 (Chi-square) index improvement if the
specified recommendation is followed. In other words, the MI shows how much the Χ2
will be reduced if the specified relationship is added to the model. ON statements refer to
factor loadings and WITH statements, to error correlations. Because the model only
contains one factor or latent variable, these ON statements can be interpreted as the
model needs more factors. The amount of factors can be determined via an Exploratory
Factor Analysis (EFA). Changes proposed by the WITH statements should only be made
if a strong theoretical justification exists. Additionally, all fully standardized expected
parameter change measures (StdYX E.P.C. or EPC) are all below .30, which are not
considered to be highly significant. An EPC is the value the parameter is expected to
have is it was freed up to be estimated (not constraint). For now, the focus should be to
look for a multi-factor model that provides a better fit to the data.
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Table 6. Modification indices for the one-latent variable lean techniques CFA.
ON Statements
cel_mfg pro_imp
emp_part TQM
fac_auto
SPC
fac_auto supplier
JIT
TQM
time_red pro_imp
time_red
SPC
pro_imp cel_mfg
pro_imp time_red
pro_imp setup_red
pro_imp proc_ana
setup_red pro_imp
setup_red proc_ana
proc_ana pro_imp
proc_ana setup_red
proc_ana SPC
SPC
fac_auto
SPC
time_red
SPC
proc_ana
supplier fac_auto
TQM emp_part
TQM
JIT
WITH Statements
pro_imp cel_mfg
pro_imp time_red
setup_red pro_imp
proc_ana pro_imp
proc_ana setup_red
SPC
fac_auto
SPC
time_red
SPC
proc_ana
supplier fac_auto
TQM emp_part
TQM
JIT

M.I. StdYX E.P.C.
14.384
-0.073
28.842
0.099
16.167
0.084
14.654
-0.082
10.844
0.058
18.616
0.059
28.225
-0.081
14.384
-0.073
18.617
0.059
13.248
0.050
18.163
-0.052
13.247
0.050
15.877
0.053
18.162
-0.052
15.878
0.053
32.373
0.092
16.167
0.084
28.226
-0.081
32.372
0.092
14.655
-0.082
28.843
0.099
10.845
0.058
14.384
18.616
13.247
18.163
15.877
16.167
28.226
32.372
14.655
28.842
10.845

-0.204
0.236
0.178
-0.212
0.171
0.172
-0.228
0.266
-0.141
0.247
0.148
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For the purpose of this pilot study, the measurement model was kept in its original
form, and the correlation and mediation structural analyses were conducted. The
correlation model is shown below in Figure 18 with its parameter estimates. The path
between LT and MR was again significant (p < .05), giving evidence of a direct effect on
the LT to Quality path. The path from MR to quality was again not statistically
significant.

cel_mfg

emp_part

fac_auto

JIT

time_red
p = 0.833
MRP

pro_imp

setup_red

proc_ana

SPC

supplier

TQM

Figure 18. SEM correlation analysis for pilot study.
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Table 7. Goodness of fit measures for pilot study's SEM correlation analysis.
Goodness of fit parameters
Parameter Value (90% CI) Recommended Range Fit Assessment
Χ²
p < .0001
> .05
Poor
RMSEA .056 (.050, .062)
< .06
Adequate
CFI
.370
> .95
Poor
TLI
.246
> .95
Poor
CI = Confidence Interval.

Table 8. Modification indices for pilot study's SEM correlation analysis.
ON Statements
LT
supplier
emp_part TQM
setup_red proc_ana
proc_ana setup_red
proc_ana SPC
SPC
proc_ana
supplier
MR
TQM
TQM
MR
supplier
WITH Statements
proc_ana setup_red
SPC
proc_ana
supplier
LT
TQM
TQM
MR
supplier

M.I. StdYX E.P.C
11.947
-0.363
20.727
0.172
13.872
0.121
13.878
0.125
15.513
0.132
15.525
0.181
11.833
0.129
20.75
0.182
11.832
0.129
13.886
15.521
11.856
20.756
11.857

0.123
0.155
-0.336
0.177
0.121

Overall model fit (Table 7) showed a moderate improvement, now being in the
adequate range of goodness of fit for one index; however, all other fit indices remain in
the poor range. These measures indicate that the model does not fit the data strongly,
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which may be due the need of more factors grouping the various LT and the fact that not
all LO are modeled either. The MI table (Table 8) shows some recommended
relationships that should improve the model significantly, and again, an EFA is
recommended on LT before making any of the changes recommended by this table. Only
two EPC measures are estimated lower than -.30: LT on supplier, and supplier with LT.
Now, loading the latent construct on an indicator, and correlating an indicator with a
latent construct, respectively, are not actions that make much sense analytically or
theoretically. For now, the focus in to explore the factor structure of LT.

cel_mfg

emp_part

fac_auto

JIT

time_red

MRP

pro_imp

setup_red

proc_ana

SPC

supplier

TQM

Figure 19. SEM mediation analysis for pilot study.

p = 0.832
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The mediation structural analysis yielded virtually the same results as the
correlation structural analysis in terms of parameter estimates and goodness of fit
measures. The structural model’s graph and estimates are shown above on Figure 19.
The MIs for this model were very similar to those of the mediation structural analysis in
relationship and magnitude. These findings strengthen the suggestion that an EFA should
be conducted in order to better model the LT indicators. Once these factors are
determined, the overall structural model and mediation specific-relationships among the
variables will be re-examined.
Summary
The pilot study conducted helped set the stage for the main study: 1) the data was
screened to assess for any undesired behavior, 2) logistical issues were addressed and it
was determined that an EFA will in fact be needed to determine the actual amount of
factors in the measurement models, and 3) the efficacy of the proposed methodology was
assessed, concluding that it should answer the research questions posed. Results in
chapter fours follow a similar pattern of that shown in the pilot study.
Exploratory Factor Analysis
Similar to CFA, EFA considers the underlying theory the groups the indicators
into factors or latent constructs. But in EFA, all indicators freely load on the maximum
amount of factor allowed by the analysis, and then the solution is rotated to maximize
primary loadings and minimize cross-loadings. This differs from CFA in that indicators
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are preset to load on a specific factor or factors. Solution rotations vary depending on
whether the factors are correlated or not: oblique for correlated factors and orthogonal for
uncorrelated factors. For parsimony, the amount of factors was kept at a minimum as
long as the goodness of fit measures for a great fit were achieved. Cross-loadings were
considered when they made theoretical sense (i.e. supported by lean theory).
An EFA was conducted for both the LT and LO. Failing to achieve convergent
validity on LT suggested that the LO measurement model should also be explored, in
addition to helping with better model specification.
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CHAPTER IV
RESULTS
Introduction
This dissertation examined the lean-green relationship by answering the following
research questions:
 RQ 1) Are lean techniques and materials recycling correlated, and do both predict
lean outcomes?
 RQ 2) Does materials recycling act as a mediator between lean techniques and
lean outcomes?
This research focused on manufacturing facilities as the unit of measure for
database building, analysis and generalizability of findings. SEM was used to analyze
the data and test the lean-green relationship with a two-step approach: first, the
measurement models were tested to assess for their construct validity, convergent validity
and reliability of the scales used; second, the structural relationships were tested. Lastly,
four control variables were also considered in the analysis, i.e. company size, production
shifts, continent, and the country’s economic development.
The following sections show all analyses findings and are broken down by
analysis and research questions. The EFA and CFA analyses are shown first as the
predecessors for the SEM analyses, followed by a discussion on bias. Then, the SEM
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analyses are presented broken down by research questions and hypotheses within each
question. Finally, within group comparisons analyses are presented also broken down by
research question. Since data screening and polychoric correlation coefficients were
discussed previously in the pilot study, they were not shown in this chapter.
Exploratory Factor Analysis
Lean Techniques
For factor extractions, a WLSMV estimator was used. Then, the factor selection
was made by assessing for goodness of fit, comparing fit for the various factor models.
For the 12 LT indicators, a maximum of seven factors can be extracted. Each factor
model solution was rotated using and oblique rotation method (GEOMIN), which is
appropriate when inter-factor correlations are believed to be significant. The goodness of
fit assessment is shown below on Table 9: the four-factor model was chosen to be the one
that best fits the data and was used to conduct the CFA to confirm the model.
Table 9. Lean techniques exploratory factor analysis goodness of fit measures.
Goodness of fit parameters
2-factor model
3-factor model
4-factor model
Value (90% CI)
Parameter
Recommended range
Χ²
p < .0001 (54 df) p < .0001 (43 df) p < .0001 (33 df) p < .0001 (24 df)
> .05
RMSEA .102 (.095, .108) .075 (.068, .083) .054 (.046, .064) .043 (.032, .054)
< .06
CFI
.942
.975
.990
.995
> .95
TLI
.930
.961
.980
.987
> .95
Model fit
Poor
Adequate
Good
Strong
CI = Confidence Interval, df = degrees of freedom.
1-factor model
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Even though the three-factor model showed a good fit, the upper limit of the
confidence interval for the RMSEA estimate is .064 which is over .06 (outside the
recommended range). The four-factor model’s upper limit is .054 (inside the
recommended range).
The factor loadings for the 4-factor model are shown below on Table 10. Some
indicators load on 2 factors, which can be explained by lean theory as the implementation
of some lean techniques leads to the implementation of other techniques. Plus, some
indicators may be sensitive to two factors and specific to neither. Finally, the fourth
factor extracts four cross-loadings explaining some of the variance through this factor.
Theoretical implications of the model are explained in the CFA section of this chapter.
Table 10. Lean techniques exploratory factor analysis loadings for the 4-factor model.
Oblique Rotated Factor Loadings
Factors
LT Indicators
1
2
3
4
CEL_MFG 0.621* -0.102 0.03
0.11
EMP_PART 0.208* 0.044 0.547* 0.021
FAC_AUTO 0.488* 0.221 -0.086 0.115
JIT
0.534* 0.168 0.185* -0.015
TIME_RED 0.396* 0.559* 0.04 -0.087
MRP
0.037 0.475* 0.251* 0.06
PRO_IMP -0.004 0.716* 0.240* 0.008
SETUP_RED 0.026 0.620* -0.077 0.356*
PROC_ANA -0.032 0.389* 0.071 0.597*
SPC
0.179* -0.012 0.042 0.664*
SUPPLIER 0.119 -0.003 0.234* 0.308*
TQM
0.012 0.014 0.636* 0.181
*Significant at a 5% level.
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The lean techniques factors were named based on their similarities and objectives:
1st factor  automation, 2nd factor  continuous improvement (ContImp), 3rd factor 
supply chain improvement (SupplyImp), and 4th factor  quality. The inter-factor
correlations are shown below on Table 11. All correlations are significant, which
validates the use of a GEOMIN rotation.
Table 11. Lean techniques exploratory factor analysis oblique inter-factor correlations.
Oblique Factor Correlations
Factors 1
2
3
4
1
1.000
2
.526* 1.000
3
.623* .566* 1.000
4
.474* .295* .613* 1.000
*Significant at a 5% level.

Lean Outcomes
The same steps as in the LT EFA were carried out for the LO EFA. The indicator
promised was dropped from the analysis due to collinearity issues with the variable
speed. Moreover, this variable made the measurement model more complex by adding
an additional latent factor with two cross-loadings. Therefore, a maximum of two factors
were extracted due to the amount of indicators in the model, and a GEOMIN rotation was
also performed. The inter-factor correlation for the two latent factor pair is .518,
significant at a .05 level of significance, validating the use of an oblique rotation. Table
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12 below shows the goodness of fit measures for the two models estimated. Then, Table
13 shows the estimated factor loadings for each factor.
Table 12. Lean outcomes exploratory factor analysis goodness of fit measures.

Goodness of fit parameters
1-factor model
2-factor model
Value (90% CI)
Parameter
Recommended range
Χ²
p < .0001 (9 df) p = .0040 (4 df)
> .05
RMSEA .163 (.147, .179) .049 (.025, .077)
< .06
CFI
.918
.997
> .95
TLI
.863
.987
> .95
Model fit
Poor
Good
CI = Confidence Interval, df = degrees of freedom.
Table 13. Lean outcomes exploratory factor analysis loadings for the 2-factor model.
Oblique Rotated Factor Loadings

Factors
LO Indicators
1
2
COST
0.391* 0.000
QUALITY 0.218* 0.297*
THRUPUT 0.927* -0.003
SPEED
0.593* 0.199*
PROD_CH -0.009 0.805*
VOL_CH 0.111 0.660*
*Significant at a 5% level.
Quality significantly loads on both factors; so does speed. However, only
loadings with an estimated value close to .30 and above were considered for this
confirmatory factor analysis. This allows for the model to be more parsimonious in terms
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of analytics and interpretation of results. Because the pilot study hinted for the factor
structure of lean techniques to be further explored, the lean outcomes structure was also
explored. Notice that instead of the three factors proposed by the study, the factor
structure for lean outcomes was reduced to two factors, where cost and delivery outcomes
are closely correlated, and quality and flexibility outcomes are also closely correlated.
Factor were named according to these similarities: 1st factor  Cost-Delivery (CostDel),
and 2nd factor  Quality-Flexibility (QualityFlex).
Confirmatory Factor Analysis
Lean Techniques
The four-factor solution found in the EFA was then confirmed via CFA. Factor
loadings and error variances were freely estimated. Factor variances were scaled (fixed)
at one. No error variances among indicators were correlated (i.e. these correlations were
constrained not to be freely estimated). Only one cross-loading was dropped from the
third factor and that is JIT, due to the fact that this was a low performing indicator
(Brown, 2006) and the factor had other five indicators. The great fit achieved by the
model justifies this re-specification. Table 14 below shows all goodness of fit parameters
for the model. Next, a representation of the graphic measurement model (Figure 20), the
fully standardized model results are shown: the estimated factor loadings (Table 15),
ordinal reliability indices (Table 16), and R-square estimates for each indicator and their
error (residual) variances (Table 17).
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Table 14. Lean techniques confirmatory factor analysis goodness of fit measures.
Goodness of fit parameters
Parameter Recommended range Value (90% CI)
Χ²
> .05
p < .0001 (40 df)
RMSEA
< .06
.044 (.035, .052)
CFI
> .95
.992
TLI
> .95
.987
WRMR
< .90
.755
Model fit
Strong
CI = Confidence interval
df = degrees of freedom
WRMR = Weighted root mean square residual

Figure 20. Lean techniques measurement model with significant estimates.
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Table 15. Lean techniques confirmatory factor analysis estimates.

Estimate S.E. Est./S.E.
Automation BY
CEL_MFG
0.565
EMP_PART
0.262
FAC_AUTO
0.633
JIT
0.786
TIME_RED
0.523
SPC
0.195
ContImp BY
TIME_RED
0.431
MRP
0.398
PRO_IMP
0.607
SETUP_RED
0.597
PROC_ANA
0.406
SupplyImp BY
EMP_PART
0.488
MRP
0.471
PRO_IMP
0.456
SUPPLIER
0.392
TQM
0.761
Quality BY
SETUP_RED
0.482
PROC_ANA
0.741
SPC
0.648
SUPPLIER
0.219
Automation WITH
ContImp
0.502
SupplyImp
0.794
Quality
0.563
ContImp WITH
SupplyImp
0.334
Quality
-0.006
SupplyImp WITH
Quality
0.771
S.E. = Standard error
Est. = Estimate

Two-Tailed
P-Value

0.026 22.057
0.066 3.964
0.021 30.034
0.019 42.331
0.066 7.964
0.071 2.771

0.000
0.000
0.000
0.000
0.000
0.006

0.042
0.038
0.04
0.041
0.056

10.312
10.406
15.175
14.681
7.254

0.000
0.000
0.000
0.000
0.000

0.063 7.748
0.06 7.845
0.085 5.377
0.063 6.256
0.02 38.875

0.000
0.000
0.000
0.000
0.000

0.074 6.541
0.047 15.663
0.05 12.975
0.065 3.39

0.000
0.000
0.000
0.001

0.1
5.04
0.029 27.335
0.071 7.979

0.000
0.000
0.000

0.12 2.784
0.108 -0.051

0.005
0.959

0.048 16.097

0.000
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The inter-factor correlation between ContImp and Quality is the only nonsignificant estimate. An ordinal reliability index (αordinal) was calculated for each factor.
All factors had an index higher than .70, which indicates the high reliability of the latent
constructs.
Table 16. Ordinal reliability indices for lean techniques factors.
Ordinal Alphas
Factor Index
Automation 0.791
ContImp 0.789
SupplyImp 0.810
Quality 0.816

Table 17. Lean techniques confirmatory factor analysis R-squares and error variances.
R-Square estimates and residual variances
Observed
Two-Tailed Residual
Variable Estimate S.E. Est./S.E. P-Value Variance
CEL_MFG 0.320 0.029 11.029
0.000
0.680
EMP_PART 0.510 0.024 21.285
0.000
0.490
FAC_AUTO 0.401 0.027 15.017
0.000
0.599
JIT
0.617 0.029 21.166
0.000
0.383
TIME_RED 0.686 0.024 28.178
0.000
0.314
MRP
0.505 0.024 21.305
0.000
0.495
PRO_IMP
0.761 0.023 33.014
0.000
0.239
SETUP_RED 0.586 0.023 24.960
0.000
0.414
PROC_ANA 0.710 0.024 29.265
0.000
0.290
SPC
0.601 0.034 17.473
0.000
0.399
SUPPLIER 0.334 0.027 12.516
0.000
0.666
TQM
0.580 0.030 19.437
0.000
0.420
S.E. = Standard error
Est. = Estimate

89

Cross-loadings among factors (constructs) can be justified by statistical practice
and lean theory. Quality is conformed of four cross-loading indicators, which is one way
of explaining a portion of the variance that a three-factor model could not explain (i.e.
could not fit the data). Employee participation programs (emp_part) are a pre-requisite of
lean systems, as high employee involvement is required for the continuous improvement
culture to thrive (Larson & Greenwood, 2004; Monden, 2011), making this indicator
sensitive to more than one factor (in this case, to two) and specific no none.
Similarly, other lean techniques indicators may load on more than one factor since
the overall lean system is concerned with the evaluation of waste—for its identification,
reduction and elimination—throughout the entire value stream, and keeps a very close
coordination with customers as well as suppliers (Larson & Greenwood, 2004).
Ultimately, the implementation of some lean techniques leads to the implementation of
other to achieve all desired lean outcomes, as Lean Manufacturing functions as a fully
integrated manufacturing system and its components are intertwined.
Factor one can be defined as (or grouped under the name) automation and the
second factor, as continuous improvement. Manufacturing time reduction (time_red),
therefore, may load onto both factors. As processes are automated, manufacturing time is
reduced and more consistent (Monden, 2011). Manufacturing time reduction is also a
measure of continuous improvement: reduced time increases productivity, decreases
cycle times and increases takt adherence.
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The third factor can be defined as supply chain improvement. Material
requirement planning (MRP) and productivity improvement (pro_imp) indicators both
load onto ContImp and SupplyImp. The better the MRP, the better the process and no
material interruptions occur and the process can start and run smoothly (Monden, 2011).
Also, productivity improvement is a great measure of continuous improvement. In terms
of supply chain improvement, a good MRP is a result of a good supplier partnership, and
good MRP leads to productivity improvement as material costs are reduced and quality of
the products is guaranteed.
All factor loadings significantly load on their designated latent construct,
including cross-loadings. The goodness of fit parameters indicate that the model actually
fits the data very well. R-square estimates are significant at a .05 level, indicating the
amount of variance each indicator shares with other indicators within their designated
latent construct. Residual variance represents the unique variance of each indicator (i.e.
variance not shared with other indicators within the construct). The WRMR goodness of
fit (Yu, 2002) parameter also showed a great fit, which indicates that the model
(correlation matrix) residuals are significantly low and the model fits the raw data well.
Modification indices were not considered since good fit was achieved without the need of
additional model re-specifications. Overall, the measurement model showed great fit and
was used in subsequent SEM analyses.
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Next, the same steps were followed to conduct a CFA on lean outcomes and the
same string of results was showed.
Lean Outcomes
The lean outcomes measurement model was confirmed using the same factorindicator structure posed by the EFA, with no cross-loadings. Results shown for the lean
techniques CFA are now shown for the lean outcomes CFA: goodness of fit parameters,
fully standardized factor loadings and inter-factor correlations, the αordinal for each factor,
graphic representation of the measurement model, and R-square estimates for the
indicators and their error variances. The findings were also very similar: the overall
model showed a good fit and was used in subsequent SEM analyses. MI were not
considered since a good model fit was achieved.
Table 18. Lean outcomes confirmatory factor analysis goodness of fit measures.
Goodness of fit parameters
Parameter Recommended range Value (90% CI)
Χ²
> .05
p < 0.0001 (8 df)
RMSEA
< .06
.075 (.058, .093)
CFI
> .95
.984
TLI
> .95
.971
WRMR
< .90
.939
Model fit
Good
CI = Confidence interval
df = degrees of freedom
WRMR = Weighted root mean square residual
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Table 19. Lean outcomes confirmatory factor analysis estimates.

Two-Tailed
Estimate S.E. Est./S.E. P-Value
CostDel BY
COST
0.383
THRUPUT
0.831
SPEED
0.779
QualityFlex BY
QUALITY
0.488
PROD_CH
0.726
VOL_CH
0.753
CostDel WITH
QualityFlex
0.692
S.E. = Standard error
Est. = Estimate

0.029 13.422
0.021 39.448
0.021 37.837

0.000
0.000
0.000

0.030 16.293
0.021 34.695
0.023 32.938

0.000
0.000
0.000

0.024 28.718

0.000

Table 20. Ordinal reliability indices for lean outcomes factors.

Ordinal Alphas
Factor Index
CostDel 0.903
QualityFlex 0.900
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Figure 21. Lean outcomes graphic measurement model.
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Table 21. Lean outcomes confirmatory factor analysis R-squares and error variances.

R-Square estimates and residual variances
Observed
Two-Tailed
Variable Estimate S.E. Est./S.E. P-Value
COST
0.146 0.022 6.711
0.000
QUALITY 0.238 0.029 8.147
0.000
THRUPUT 0.690 0.035 19.724
0.000
SPEED
0.607 0.032 18.919
0.000
PROD_CH 0.527 0.030 17.347
0.000
VOL_CH
0.567 0.034 16.469
0.000
S.E. = Standard error
Est. = Estimate

Residual
Variance
0.854
0.762
0.310
0.393
0.473
0.433

Validity and Bias
Validity
Conducting an EFA and a CFA in the sample data sample may raise concerns of
construct validity, the issue being that a good fit in an EFA is more likely to yield a good
fit in the CFA if conducted in the same sample data. Because of this concern, it is often
recommended to conduct an EFA on one sample, and a CFA on another sample (crossvalidation). However, a good fit in EFA does not guarantee a good fit in CFA, since the
constraints in CFA are more stringent than in EFA making CFA a more conservative test
for latent constructs. In fact, ensuring that the current data fits both EFA and CFA
models is more relevant and urgent than confirming another set of data to the EFA model
results (Prooijen & Der Kloot, 2001). Conducting a cross-validation study would make it
difficult to ascertain if differences between EFA and CFA results are due to inappropriate
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applications to EFA, incomparability of EFA and CFA, and/or inappropriate applications
of CFA. In this case, replicating the exact survey—with a data collection period of
almost a decade—would be nearly impossible, and randomly splitting the data to
accommodate for both studies may harm the findings’ generalizability due to an
inadequate sample size.
Bias
CFA allows for latent constructs model testing adjusting for the presence of
measurement error. However, various sources of bias (non-sampling error) may be
influencing the analyses results by producing systematic errors in the collected sample.
Three possible sources of bias are discussed next, and the steps taken to mitigate their
influence in the data collection process and analyses results.
Common Method Bias
Given that the primary respondent was the plant manager, and only when his or
her answers were not sufficient another employee was sought for an answer, common
method bias (CMB) may have potentially influenced the results and it needs to be
evaluated. CMB is one of the main sources of measurement error and may threaten then
validity of latent constructs. Harman’s single factor test is a widely known test for
determining is CMB is an issue (Podsakoff, MacKenzie, Lee & Podsakoff, 2003). In this
test, the amount of factors in the EFA is constrained to one and then the eigenvalues of
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the un-rotated solution is assessed: if more than 50% of the variance is accounted by one
factor, CMB is then a significant source of bias.
Results are shown below for both the lean techniques and lean outcomes EFA. In
neither case one factor accounted for most of the variance. This is also validated with the
multi-factor solutions both measurement models extracted. While this test does not
preclude the possibility of CMB in its entirety, it does help mitigate the concern that
CMB may be driving the analyses results.
Table 22. Harman's single factor test for lean techniques.

Eigenvalues for sample correlations (unrotated solution)
Factor Total % Variance % Cummulative Variance
1 5.866 48.887%
48.887%
2 1.054 8.784%
57.671%
3 0.890 7.417%
65.089%
4 0.695 5.792%
70.881%
5 0.643 5.359%
76.240%
6 0.544 4.534%
80.773%
7 0.498 4.150%
84.924%
8 0.478 3.984%
88.907%
9 0.397 3.309%
92.216%
10 0.344 2.867%
95.083%
11 0.330 2.750%
97.833%
12 0.260 2.167%
100.000%
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Table 23. Harman's single factor test for lean outcomes.
Eigenvalues for sample correlations (unrotated solution)
Factor Total % Variance % Cummulative Variance
1 2.803 46.717%
46.717%
2 0.967 16.117%
62.833%
3 0.759 12.650%
75.483%
4 0.715 11.917%
87.400%
5 0.420 7.000%
94.400%
6 0.336 5.600%
100.000%

Non-Response Bias
The data collected for this study does not have indicators of early and late
responses, limiting my ability to conduct a non-response bias test. This type of bias,
however, was mitigated in several ways: the researchers retained from asking highly
sensitive information. Furthermore, this survey was pre-tested in round one, revised for
round two, and a significantly higher response rate was attained. The data collection also
took place over several years, avoiding a rushed or short data collection period—common
on bias samples. Confidentially was also ensured for all companies, and the incentive of
sharing studies results with these companies resulted in a higher response rate compared
with the first survey.
Response Bias
Scrutinized screening of the data and data collection methods was discussed in
chapter three under the rationale section, which aided in assessing other possible sources
of bias, i.e. response bias. The fact that the collection efforts on the second survey round
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yielded double the responses than that of round one, it may suggest that the mix of
respondents was significantly diverse, mitigating concerns about possible response bias.
The profile information offered by the companies in the study offer enough variety in its
categories (frequency graphs of all four grouping variables are shown below).
Additionally, model re-specifications were kept to a minimum and theory
explanations were offered, minimizing confirmation bias of the models (Kline, 2011).
Finally, only a few sections of the entire survey results were used for this research. The
respondents had to answer numerous questions about their manufacturing operations, in
regards to various areas of their business, which minimized possible leading responses in
the matter of how the implementation of certain techniques influence certain outcomes.

Figure 22. Frequency graph and table for continent.

Figure 23. Frequency graph and table for economy.
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Figure 24. Frequency graph and table for shifts.

Figure 25. Frequency graph and table for size.
Structural Equation Modeling
Results for the SEM analyses is given for each structural model: the one
representing the correlation relationship between lean techniques and materials recycling,
and the one representing the partial mediation relationship between lean techniques,
materials recycling, and lean outcomes. Then, the SEM grouping analyses results are
shown for each model (correlation and mediation), and for each grouping variable
(continent, economy, shifts and size). In the structural models, each path (double arrow
for correlation and single arrow for regression) represents a hypothesis to be tested, to
answer the two main research questions proposed by this research.
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To account for differences between groups, an invariance analysis was conducted.
To start, an invariance analysis was conducted on both measurement models (lean
techniques and lean outcomes) for each group variable. If the models were in fact
invariant, no further analyses were conducted. But if the models were not invariant, then
the hypotheses for each SEM model (correlation and mediation) were tested at the group
level (e.g. in terms of size, one for small, and one for large).
Overall Correlation Model
The goodness of fit indices assessed for the SEM analyses were the same as those
assessed for the CFA. The goodness of fit assessment is shown below on Table 24: the
model shows an overall good fit. A value of WRMR around one indicates a moderate fit.
Then, Figure 26 shows all the paths hypothesized by the correlation model.
Table 24. Structural equation modeling correlation analysis goodness of fit measures.
Goodness of fit parameters
Parameter Recommended range Value (90% CI)
Χ²
> .05
p < .0001 (124 df)
RMSEA
< .06
.048 (.043, .053)
CFI
> .95
.977
TLI
> .95
.968
WRMR
< .90
1.126
Model fit
Good
CI = Confidence interval
df = degrees of freedom
WRMR = Weighted root mean square residual
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Figure 26. Baseline correlation model.
Then, Figure 27 shows the estimated parameters significant at a .05 significance
level and one path (Recycling  CostDel) significant at a 10% level (p = .06). Only one
correlation parameter was turned out to be non-significant: ContImp with quality.
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Indicators were not pictured, but all yielded significant factor loadings at a .05
significance level.

Figure 27. Correlation model with significant estimates.
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Table 25. R-square estimates.

R-SQUARE
Observed
Variable
CEL_MFG
EMP_PART
FAC_AUTO
JIT
TIME_RED
MRP
PRO_IMP
SETUP_RE
PROC_ANA
SPC
SUPPLIER
TQM
COST
QUALITY
THRUPUT
SPEED
PROD_CH
VOL_CH
Latent
Variable
CostDel
QualityFlex

Estimate
0.315
0.498
0.402
0.629
0.683
0.495
0.755
0.573
0.720
0.611
0.346
0.591
0.220
0.319
0.661
0.584
0.491
0.530

S.E.
0.029
0.024
0.027
0.029
0.024
0.024
0.023
0.023
0.024
0.036
0.027
0.030
0.028
0.038
0.035
0.033
0.032
0.035

0.173 0.029
0.254 0.039

Est./S.E.
10.831
20.571
14.793
21.500
28.547
20.432
32.569
24.522
30.106
16.909
12.844
19.978
7.775
8.473
18.805
17.630
15.590
15.081

Two-Tailed
P-Value
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

Residual
Variance
0.685
0.502
0.598
0.371
0.317
0.505
0.245
0.427
0.280
0.389
0.654
0.409
0.780
0.681
0.339
0.416
0.509
0.470

6.062
6.581

0.000
0.000

0.827
0.746

Table 25 above shows R-square estimates for all dependent variables. All Rsquare estimates are significant at a .05 level. However, the lean outcomes R-squares are
not as high as desired: other significant relationships may not be modeled, and a great
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level of specificity was lost by moving away from specific measures and into orderresponse scales in order to even the play field data collection wise.
Overall Mediation Model
The same results as in the SEM correlation model are shown here for the
mediation model. In terms of goodness of fit, both models perform identically, but
explain the variables’ relationships in different ways. Figure 28 below shows the
baseline model; then, Figure 29 shows the estimated parameters.

Figure 28. Baseline partial mediation model.
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Figure 29. Partial mediation model with significant estimates.
Table 26 below shows the R-square estimates for the model. Again, the lean
outcomes could have a higher R-square as there is a relatively high residual variance,
meaning, a large portion of variance is not explained by this specific model.
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Table 26. R-square estimates.

R-SQUARE
Observed
Variable
CEL_MFG
EMP_PART
FAC_AUTO
JIT
TIME_RED
MRP
PRO_IMP
SETUP_RE
PROC_ANA
SPC
SUPPLIER
TQM
MR
COST
QUALITY
THRUPUT
SPEED
PROD_CH
VOL_CH
Latent
Variable
CostDel
QualityFlex

Estimate
0.315
0.498
0.402
0.629
0.683
0.495
0.755
0.573
0.720
0.611
0.346
0.591
0.234
0.220
0.319
0.661
0.584
0.491
0.530

S.E.
0.029
0.024
0.027
0.029
0.024
0.024
0.023
0.023
0.024
0.036
0.027
0.030
0.025
0.028
0.038
0.035
0.033
0.032
0.035

0.173 0.029
0.253 0.038

Est./S.E.
10.831
20.571
14.793
21.500
28.543
20.432
32.566
24.521
30.109
16.910
12.844
19.979
9.286
7.775
8.473
18.804
17.630
15.590
15.081

Two-Tailed
P-Value
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

Residual
Variance
0.685
0.502
0.598
0.371
0.317
0.505
0.245
0.427
0.280
0.389
0.654
0.409
0.766
0.780
0.681
0.339
0.416
0.509
0.470

6.063
6.583

0.000
0.000

0.827
0.747
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Invariance Analysis per Group Variable
In this study, the invariance analysis conducted is on measurement invariance,
determining if the factor structures for lean techniques and lean outcomes are held
invariant across groups. In theory, the central principle of measurement invariance is that
measures across groups are considered to be on the same scale if the factor structures
(indicators loading on their latent construct) are the same across groups. Analytically,
given multiple indicators that make up a latent construct, if the loadings and thresholds
for those indicators on the single latent construct are the same across groups, then
measurement invariance is supported (Vandenber & Lance, 2000).
The invariance analysis for this study determined if the factor structures were held
invariant across groups:
 Size – Facility size based on the amount of employees in the facility: small = 250
employees or less, and large = 251 employees or more.
 Economy – A country’s economic development as described by the International
Monetary Fund (IMF): developed and developing economies.
 Shifts – The amount of manufacturing shifts scheduled by the facility: one shift
and two plus (two+) shifts.
 Continent – The continents from where the data was collected: Europe and other
(America, Africa, Asia and Oceania). The other category is compared against
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Europe since this continent has the highest recycling rate, so it makes for a good
comparative baseline.
Dimitrov (2010) recommends two types of measurement invariance analyses to
run on confirmed measurement models with categorical data: configural and scalar. The
objective is to go from a liberally constraint model (configural) to a stricter one (scalar),
determine their goodness of fit, and assess whether their good fit is maintained or
deteriorates as the model is further constraint. These fits will be assessed for each
measurement model, lean techniques and lean outcomes, for each group variable. If the
good fit is maintained, the model is believed to be invariant in regards of the group
variable under study. But if the model fit deteriorates, then group differences are
believed to be present, and each group should be assessed separately. The level of
contribution for each group was also assessed (as Χ2 contributions from each group) to
account for non-uniform contributions.
The configural model serves as a baseline model: in the configural invariance
analysis, the same patterns of factors and factor loadings is established across groups.
Then, in the scalar invariance analysis (also called strong invariance analysis), factor
loadings and thresholds are held invariant and all other parameters are estimated. The
main hypothesis tested was H0: the factor structure is invariant across groups, against H1:
the factor structure is not invariant across groups. This hypothesis test is conducted first
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for the configural model, then for the scalar model. If configural invariance is not
achieved, scalar invariance most likely will not be achieved either.
Finally, a comparison hypothesis is tested between the scalar and configural
models, to determine if the fit of these models is significantly different; in other words, to
determine if the model further deteriorates as it is further constraint, going from
configural to scalar invariance. The comparative hypothesis tested was H0: Scalar –
Configural = 0, against H1: Scalar – Configural ≠ 0.
Size
For lean techniques, the Χ2 contributions in the configural model from each group
were: 85.969 for small and 78.412 for large. These contributions are considered
significantly different from zero indicating some model-data misfit, but uniform in
magnitude. In the scalar model, the contributions were: 140.056 for small and 170.576,
both significantly different from zero. The Χ2 goodness of fit measures are shown below
for each model, and a fit comparison is also shown. The p values below .0001 for each
model indicate a poor fit, meaning, H0 is rejected in the main hypothesis and the factor
structures are not invariant across groups. A p value below .0001 in the comparative fit
indicates that the model did in fact deteriorate and scalar invariance does not hold; in
other words, H0 is rejected for the comparative hypothesis.
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Figure 30. Lean techniques size invariance analysis.
Now, for the lean outcomes configural and scalar models, the goodness of fit
measures are shown below. The Χ2 contributions from each group for the configural
model were: 43.112 for small and 17.289 for large. The contributions do not appear to be
uniform in magnitude and are significantly different from zero. In the scalar model, the
contributions were: 62.923 for small and 51.793 for large. The contributions do appear to
be closer in magnitude, which is a good indication since this invariance model is stricter
than configural invariance; and are significantly different from zero.
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Figure 31. Lean outcomes size invariance analysis.
These results are similar to those in the lean techniques invariance analysis: the
factor structure is not invariant across sizes. The SEM correlation and mediation models
were assessed for each group, small and large, and were added in APPENDIX G since no
significant paths between lean constructs and recycling were estimated.
Economy
The goodness of fit parameters are shown below for both lean techniques and lean
outcomes for each invariance model, configural and scalar. For the lean techniques
configural model, the Χ2 contributions from each group were: 96.243 for developing and
115.255 for developed, both significantly different from zero, but appear to be relatively
uniform in magnitude. For the lean techniques scalar model, the contributions were
distributed as follows: 260.961 for developing and 176.148 for developed, both
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significantly different from zero and non-uniform in magnitude, which may have
influenced the model deterioration.

Figure 32. Lean techniques economy invariance analysis.
For the lean outcomes configural and scalar models, the goodness of fit measures
are shown below. The Χ2 contributions from each group for the configural model were:
40.788 for developing and 31.383 for developed, both significantly different from zero,
but adequately uniform in magnitude. In the scalar model, the contributions were: 78.203
for developing and 55.286 for developed. The contributions do appear to be non-uniform
in magnitude, and are both significantly different from zero.
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Figure 33. Lean outcomes economy invariance analysis.
The goodness of fit parameters for both the configural model and the scalar model
yielded poor fits on each of the measurement models, indicating that the factor structures
are not held invariant across economies. Therefore, the SEM correlation and mediation
models were assessed for each group, developing and developed, and were added in
APPENDIX G since no significant paths between lean constructs and recycling were
estimated.
Shifts
Goodness of fit parameters are shown below for both lean techniques and lean
outcomes for each invariance model, configural and scalar. For the lean techniques
configural model, the Χ2 contributions from each group were: 81.582 for one shift and
64.270 for two plus shifts, both significantly different from zero and appear to be non-
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uniform in magnitude. For the lean techniques scalar model, the contributions were
distributed as follows: 108.141 for one shift and 87.681 for two plus shifts, both
significantly different from zero and non-uniform in magnitude. The model did not
deteriorate going from configural invariance to scalar invariance, but both model do
present poor fit, therefore invariance is not supported.

Figure 34. Lean techniques shifts invariance analysis.
For the lean outcomes configural model, the Χ2 contributions from each group
were: 36.325 for one shift and 23.531 for two plus shifts, both significantly different from
zero, but relatively uniform in magnitude. For the lean outcomes scalar model, the
contributions were distributed as follows: 52.225 for one shift and 43.060 for two plus
shifts, both significantly different from zero, but relatively uniform in magnitude.
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Figure 35. Lean outcomes shifts invariance analysis.
The goodness of fit parameters for both the configural model and the scalar model
yielded poor fits on each of the measurement models, indicating that the factor structures
are not held invariant across shifts. Therefore, the SEM correlation and mediation
models were assessed for each group, one and two+. Below are shown the correlation
and mediation models for shifts = two+, as these yielded significant path between
recycling and the lean constructs. The indicators for the lean techniques and lean
outcomes were removed to make the model easier to discern visually, but the full models
were added in APPENDIX G. In regards to changes in the factor structures, SPC does
not significantly load on automation, and supplier does not significantly load on
SupplyImp. The models for shifts = one were added in APPENDIX G as well.
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Figure 36. SEM correlation model for shifts = two+.
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In the SEM correlation model for shifts = two+ (Figure 36), the Lean-Recycling
behaves differently than in the baseline correlation model. The implementation of
materials recycling significantly correlates with the implementation of three lean
techniques: automation, SupplyImp and quality. Furthermore, recycling enhances the
lean outcomes associated with quality and flexibility. And, as expected, the
implementation of certain lean techniques enhances the lean outcomes.

Figure 37. SEM partial mediation model for shifts = two+.
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Both the SEM correlation and partial mediation models present an adequate
goodness of fit. Table 27 below shows the goodness of fit measures applicable to both
models as they were analyzed with the same number of degrees of freedom. Both models
show a good fit.
Table 27. Goodness of fit measures for SEM correlation and partial mediation models for
shifts=two+.

Parameter
Χ²
RMSEA
CFI
TLI
WRMR
Model fit

Goodness of fit parameters
Recommended range Value (90% CI)
> .05
p = .0001 (124 df)
< .06
.067 (.059, .076)
> .95
0.959
> .95
0.943
< .90
0.989
Good

Continent
For the lean techniques configural model, the Χ2 contributions from each group
were: 78.330 for Europe and 71.209 for other, both significantly different from zero, but
relatively uniform. For the lean techniques scalar model, the contributions were
distributed as follows: 223.813 for Europe and 169.145 for other, again both significantly
different from zero and non-uniform in magnitude. The goodness of fit measures are
shown below: H0 for the main hypothesis is rejected, and so it the H0 for the comparative
hypothesis.
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Figure 38. Lean techniques continent invariance analysis.
For the lean outcomes, the invariance analysis could not be conducted since the
group other does not contain all categories for indicator variable speed. However, since
invariance is not supported for the lean techniques structure, the SEM correlation and
partial mediation models were assessed for each group. These models and their estimated
parameters were added in APPENDIX G as they did not yield significant paths between
recycling and the lean constructs.
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CHAPTER V
CONCLUSIONS
Introduction
Manufacturing operations make use of various types of resources, including
material resources. However, it is not enough to just need and use these resources, but
using these resources productively is what makes for a more competitive manufacturing
operation (Porter & van der Linde, 1995). Lean Manufacturing and Green Manufacturing
systems attempt to maximize resource usage by reducing and eliminating waste, but
while the benefits of both manufacturing systems are well document, their interaction
within a manufacturing facility has been the object of study of many researchers in the
area of operations management. LM and GM usually perform in parallel universes
within a manufacturing facility (Bergmiller & McCright, 2009), but it has been
hypothesized that these two systems may positively influence each other in many ways.
Uncovering the ways in which these systems interact and enhance manufacturing
outcomes is of high importance for theory and practice (Narasimhan & Schoenherr,
2012). This dissertation proposed the study of the lean-green relationship by addressing
the following research questions:
 RQ 1) Are lean techniques and materials recycling correlated, and do both predict
lean outcomes?
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 RQ 2) Does materials recycling act as a mediator between lean techniques and
lean outcomes?
To answer these research questions, SEM was chosen as the appropriate statistical
analysis tool. An EFA was conducted to explore the factor structure of the latent
constructs. Then, a CFA was conducted to confirm the factor structures. Finally, two
SEM models were assessed for goodness of fit, one that depicts the correlation
relationship between lean techniques and materials recycling, and another one that
depicts the mediation relationship between materials recycling and lean outcomes. Group
differences were also assessed via an invariance analysis at the construct level, including
size, economy, shifts and continent group variables.
This last chapter of the document is broken down in various subsections each
addressing a specific portion of this study’s results and conclusions. The first subsection
answers each research question proposed by this dissertation. The implications
subsection discusses the importance of the results and their meaning to the
industrial/manufacturing engineering field and operations managers. The discussion
subsection updates the literature with this study’s findings and identifies all relevant
contributions. The limitations subsection lists the actual and perceived limitations
extracted by this research. Finally, the recommendations subsection is divided in
suggestions for practice and future research.
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Research Questions Answered
The first research question can be broken down into three sub-questions: RQ 1a)
Are lean techniques and material recycling correlated, RQ 1b) do lean techniques predict
lean outcomes, and RQ 1c) does materials recycling predict lean outcomes?
Results showed that all four latent constructs of lean techniques are significantly
correlated with materials recycling: the null hypotheses of ρ = 0 for each pair is rejected
(MR with automation, MR with ContImp, MR with SupplyImp, and MR with quality).
These findings answer RQ 1a) positively. In other words, the implementation of lean
techniques in manufacturing facilities is significantly correlated with the implementation
of the materials recycling green technique. LM and GM improve manufacturing systems
by identifying waste and applying waste reduction techniques to eliminate them. The
common waste reduction objective of the two systems explains why implementing lean
techniques and implementing materials recycling are significantly correlated.
Some lean techniques predict some lean outcomes, as expected per lean theory.
Meaning, some LT  LO relationships (i.e. regression paths) are in fact significant, and
others are not. The significant relationships at a .05 positively support RQ 1b). The
implementation of automation negatively impacts the lean outcomes associated with
quality and flexibility. This finding is consistent with the fact that automation is believed
to decrease the ability to rapidly make order changes in relation to manual operations
(Monden, 2011). The implementation of ContImp enhances lean outcomes associated
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with reduced costs and improved delivery times, and lean outcomes associated with
increased quality and flexibility. Implementing SupplyImp techniques enhances
QualityFlex. Quality techniques negatively impacts CostDel and QualityFlex. This may
be due to the fact that quality is a factor that extracts variance from cross-loadings in the
measurement model.
In the SEM correlation model, materials recycling only predicts CostDel (p=.06).
In other words, the implementation for materials recycling enhances the lean outcomes
associated with cost reduction and improved delivery. This finding partially and
positively supports RQ 1c). Materials recycling is associated with cost reduction since
recycling services may be cheaper than landfilling, material exchanges are possible
(avoiding landfilling costs), and re-selling certain materials result in cash back or bill
credits, even free pickups, which offset overall raw material costs.
The second research question can also be further broken down into two subquestions: RQ 2a) do lean techniques predict materials recycling, and RQ 2b) does
materials recycling predicts lean outcomes?
Results from the SEM mediation analysis showed that implementing ContImp
(p=.10), SupplyImp (p<.0001) and quality techniques (p=.07) leads to the implementation
of materials recycling. The ContImp  MR path was considered an important
significant path because of its proximity to a p-value = .10, and to avoid a Type II
statistical error (failing to detect an effect that may actually be present) due to the large
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data sample and loss of data sensitivity (order-response scales). This may be due to the
fact that these lean techniques focus on material efficiency, cost reduction, and supplier
and employee involvement, which are all key lean techniques that share common
objectives with materials recycling. This finding is similar to that in a study conducted
by Yang, Lin et al. (2010), in which the authors found that environmental management
programs mediate the effect of continuous improvement and supply chain management
programs on manufacturing competitiveness. These findings partially and positively
support RQ 2a).
The implementation of materials recycling enhances lean outcomes associated
with cost and delivery. This is the same result yielded in the correlation model. These
findings partially and positively support RQ 2b).
In terms of group variables, all four variables examined (size, economy, shifts and
continent) yielded not invariant results across groups. In other words, invariance is not
supported across groups. Due to these findings, the SEM models (correlation and
mediation) were assessed for each group. However, only the group shifts = two+ yielded
significant paths between recycling and the lean constructs: 1) the implementation of lean
techniques (automation, supply chain improvement and quality) is significantly correlated
with the implementation of materials recycling, 2) implementing lean techniques does
enhance lean outcomes, 3) implementing materials recycling enhances quality-flexibility

125

outcomes, and 4) materials recycling acts as a partial mediator between quality
techniques and quality-flexibility outcomes.
Implications
The results of this research study yielded positive, relevant findings, important to
the manufacturing field and operations managers. The LM and recycling relationship
was explored, and evidence of an actual relationship was found. Then, the LeanRecycling model studied provided a better understanding of the nature of said
relationship, in terms of directionality. The study results indicate that implementing
materials recycling in a lean environmental does enhances lean outcomes.
Implementing recycling enhances lean outcomes associated with cost and
delivery. This finding could be due to the fact that recycling reduces the need to
purchase new, virgin materials, valuable commodities can be re-sold for cash, and
valuable materials exchanges can be facilitated. These benefits of recycling align very
well with lean’s cost reduction objectives. Also, either by re-introducing scrap material
into the process (recycling onsite) or by acquiring raw materials faster due to its market
availability (recycled materials delivered faster than virgin materials), the lean outcome
delivery is enhanced through materials recycling.
In terms of work schedule, in manufacturing facilities operating two+ shifts,
implementing materials recycling enhances lean outcomes associated with quality and
flexibility. The group shift was introduced as a group variable believed to have an impact
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in the model, and it did in fact yield important findings. The benefits identified in the
model related to number of shifts may be due to several factors. Two+ shifts are usually
correlated with larger facilities (more employees) as it is easier to add shifts in a facility
than it is to expand it. Adding shifts to a manufacturing operation has many benefits: it
cuts lead times by at least half, frees up cash and space with fewer inventories, and
increases capacity in terms of tooling and equipment. More importantly, scheduling
additional shifts translates to higher management requirements in terms of manufacturing
resources (people and materials), which heightens awareness of waste generated as more
material usage and material handling takes place. Urgent need for proper communication
between shifts surges, as does the need for proper standards, increasing quality
performance and keeping waste in check as it comes in and leaves the facility. This is a
significant finding as it shows evidence of the fact that it is not necessarily the larger
facility that benefits from the Lean-Recycling relationship, but one that requires a tighter
management regime and is committed to quality improvements.
Materials recycling is a commonly implemented green waste reduction technique
in manufacturing facilities in parallel to lean techniques, which suggests that operations
managers recognize the importance of recycling and its many benefits (cost, waste and
pollution reduction). And managers should continue to implement recycling as evidence
has been found of its relationship with LM, enhancing lean outcomes.
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It is very important to recognize the lean techniques that, when implemented, lead
to the implementation of materials recycling, which in turn lead to the enhanced lean
outcomes. In other words, one must recognize the directionality of the Lean-Recycling
relationship. The overall Lean-Recycling model suggests that implementing continuous
improvement, supply chain improvement and quality techniques lead to the
implementation of materials recycling, which in turn enhances the lean outcomes of cost
and delivery. The main objectives of these lean techniques are employee participation,
supplier partnerships, process analyses and continuous improvement; meaning, these
techniques integrate process improvements throughout the entire supply chain, not just
within the facility. This scheme of improvement links materials recycling (end-ofprocess) with LM (start and mid-process). On the other hand, in two+ shift operations,
implementing quality techniques lead to the implementation of materials recycling, which
in turn enhances the lean outcomes of quality and flexibility. As mentioned earlier, in
this scheme, operations managers demand a highly controlled operation, where overall
waste and other resources are more efficiently managed to reap the benefits of a multiple
shift operation, and serve customers with their expected level of quality and flexibility.
As expected per lean theory, implementing lean techniques lead to enhanced lean
outcomes. However, the implementation of all lean techniques does not enhance all lean
outcomes. The two lean techniques constructs that positively influence both lean
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outcomes (cost-delivery and quality flexibility) are continuous improvement and supply
improvement, and this is an important consideration for operations managers.
Relevance to the Manufacturing Engineering Field
The manufacturing industry generates more waste than all other industries
combined, which makes this study highly relevant to the manufacturing engineering field.
Lean Manufacturing is implemented by over 60% of manufacturing facilities, making it
an important field of study for manufacturing engineers and operations managers. Green
Manufacturing is concerned with the environmental impact of manufacturing operations,
and through leveraging materials recycling proposes a solution to reduce the ever
growing amount of waste generated by highly industrialized societies. Operations
managers may worry about introducing green operations, specifically materials recycling,
into their lean environment due to possible disruptions between the two manufacturing
systems. However, this research should encourage operations managers to implement
materials recycling as a green waste reduction technique alongside lean techniques to
enhance their expected lean outcomes.
Relevance to Manufacturing Operations Managers
Managers should leverage the Lean-Recycling relationship to enhance lean
outcomes, recognizing, however, the intricacies of the relationship: which lean
techniques encourage the implementation on recycling, and which techniques enhance
which outcomes. Moreover, managers need to recognize how, in terms of solid waste
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reduction, materials recycling aids in tracking and understanding the solid waste
structure, LM focuses in eliminating waste at the source, and the connection between.
This research implies that LM and materials recycling initiatives should be
collaborative, not treated as separate departments or programs within the manufacturing
facilities. Managers should acknowledge that the Lean-Recycling relationship is
positively and significantly enhanced when working in an alliance, and not when
functioning as two separate programs of waste reduction.
Discussion and Contributions
This section of the chapter updates the current literature with the findings and
conclusion of this research study, in terms of the lean-green relationship modeling,
statistical methods, and theory building. The results of this study showed that
implementing a green waste reduction technique in a lean environment actually enhances
certain lean outcomes and does not diminish the improvement of other lean outcomes.
This supports what other researchers have found: that combining lean and green systems
in order to identify and eliminate waste, the overall supply chain improves causing even
less waste. Dües, Tan and Lim (2013) recognize the lean and green overlaps as follows:
both systems focus on waste reduction, implementing waste reduction techniques, care
for people and the overall organization, reduce lead times, develop meaningful
relationships with their suppliers, and increase service levels. The findings of Dües et al.
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(2013) are very similar to this study’s findings. Furthermore, both studies and other here
reviewed agree that implementing LM serves a catalyst for implementing GM.
Much of the research has focused on the relationship between quality
management practices and environmental management practices, as measures of LM and
GM, respectively. Other researchers have studied the relationship between some lean
techniques (such as quality management, supply chain management, continuous
improvement, just-in-time, and employee involvement), some green techniques (such as
environmental management systems and environmental practices) and improved business
results (such as market performance, financial performance, and competitive advantage).
Table 1 in chapter two shows all the variables studied by these researchers. In terms of
modeling, the lean-green relationship in this study is different from that studied by other
researchers reviewed. The green technique materials recycling was chosen to determine
how its implementation interacted with the implementation of other lean techniques, and
how it influenced the enhancement of lean outcomes. In this study, the lean system’s
relationships were robustly assessed; lean theory was explored and tested, as it has
already been established by literature and practice. Then, materials recycling was
introduced to assess for its interaction with lean techniques and lean outcomes.
LM has matured enough as it has reached a point of consensus and
standardization in both theory and practice; GM is younger as has yet to realize
consensus as a single, stand-alone model (Bergmiller & McCright, 2009). Therefore,
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gradually introducing elements of GM into an LM model may be in the best interest of
theory building. Figure 28 below shows how the current literature has been updated with
the findings of this study.
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Figure 39. Updated literature with study's findings.
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Other significant contributions extracted from this study are in terms of the lean
factors structures (for both lean techniques and lean outcomes), results yielded by the
Lean-Recycling models (which have high implications for both theory and practice), and
invariance analyses. The lean techniques construct was further broken down to four
constructs (automation, continuous improvement, supply chain improvement, and
quality), some of which have been previously tested, further confirming lean theory.
Lean outcomes were actually grouped into two major constructs: cost-delivery and
quality-flexibility. This significant finding proposes that lean outcomes are highly
correlated and share similar objectives; therefore they should be treated as a two-factor
measurement model with significant inter-factor correlations, as opposed to analyzing
these variables separately as previous research attempted. This factor structure also
further confirms lean theory. In terms of the Lean-Recycling relationship, the
contributions of this study are highly significant as it shows evidence that materials
recycling is an important green waste reduction technique that, when implemented in a
lean environment, actually enhances lean outcomes. Overall, materials recycling
enhances lean outcomes associated with cost and delivery. And, in facilities operating
two or more manufacturing shifts, materials recycling enhances quality-flexibility
outcomes. The following are the most important findings that support these claims: 1)
implementing materials recycling enhances cost-delivery outcomes, 2) in two+ shift
operations, implementing materials recycling enhances quality-flexibility outcomes, 3)
materials recycling is a commonly implemented waste reduction green technique in
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manufacturing facilities, 4) implementing continuous improvement, supply chain
improvement and quality techniques lead to the implementation of materials recycling,
which in turn enhance cost-delivery outcomes, 5) in two+ shift operations, implementing
quality techniques lead to the implementation of materials recycling, which in turn
enhance quality-flexibility outcomes, and 6) as expected per lean theory, implementing
lean techniques leads to enhanced lean outcomes.
In terms of statistical analysis, this study delivers another significant contribution.
Shah and Goldstein (2006) reviewed 93 journal articles from four different operations
management journals. The review found issues in the majority of the articles concerning
the limited view of fundamental model assumptions. These issues included small sample
sizes, single indicator constructs, improper data screening, improper distribution
assumptions, improper estimation methods, improper fit evaluations, and confirmation
bias. This research recognized the gaps in the literature in terms of statistical methods
and provided very clear methodology and explanation of results.
The sample size used in this study was one of the highest used in similar studies
with regards of the amount of variables examined, and the proposed analytics. The latent
constructs were defined by more than one indicator. The data was properly screened
before the analysis, assessing for distribution assumptions and selecting the proper
estimation methods for data analysis. The data was collected as categorical, so proper
correlation analyses were conducted (polychoric coefficients) and a proper estimator was
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chosen for data modeling (WLSMV). Prior literature that dealt with categorical data,
estimated Pearson correlation coefficients (which assumes the data fits a normal
distribution) and not one that alludes to the estimator used for data modeling. Reliability
indices were estimated using a Chrobach’s alpha as opposed to an ordinal alpha, more
appropriate for dealing with categorical data. Goodness of fit evaluations were more
stringent that those in the literature reviewed. Furthermore, when proper fit was not
achieved in the articles reviewed, no model re-specifications were assessed or competing
models presented, which increases the concern for confirmation bias. In this study, a
minor model re-specification was made to conduct the CFA after conducting the EFA,
since one of the indicators was not performing accordingly (low factor loading) in
relation to the other indicators in its latent construct.
In summary, this study considered various recommendations on future research
proposed by some of the authors’ papers reviewed here. King and Lenox (2001)
suggested the relationship between LM and GM be further examined as it relates to waste
reduction, since they believed that lean is green. Bergmiller and McCright (2009)
recommended further research that supports the fact that LM and GM should not be
implemented separately within the same manufacturing environment, but rather
simultaneously, and develop a model for an integrated lean-green system. More
specifically, Rothenberg et al.’s (2001) findings suggest that lean practices lead to better
resource efficiency; this study provides further evidence of that fact with a more robust
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proposed model and improved data analysis. Additionally, Narasimhan and Schoenherr
(2012) suggested that it is not the application of just any practice that leads to improved
manufacturing competitiveness, but applying the right practices that exhibit the best
overall fit with the objective. In this case, materials recycling was the green technique
chosen to assess for its interaction with LM. Finally, Yang, Lin et al. (2010) suggested a
study that examined the lean-green relationship using SEM as the statistical tool with a
larger sample size, which is exactly the type of study proposed and conducted by this
research and documented in this dissertation.
Finally, in terms of theory building, this study features many virtues of good
theory building according to Wacker (1998). The virtue of fecundity is achieved, since
the lean-green theory is fertile in generating new models and hypotheses, which is better
than a theory that has fewer hypotheses. This lean-green model offers a new model that
updates the current body of knowledge. Because of this, the model proposed here is also
considered to be unique—another theory building virtue—as it is different from other
models previously examined in the literature. The virtue of parsimony can also be
justified in this case, as the lean-green relationship has been examined using one
dimension of GM. Parsimony (simplicity) promotes the notion that the simpler the
explanation the better, which keeps the theories from becoming too complex or
incomprehensible. The model proposed and examined here also showed the virtue of
internal consistency since the model identified and tested all possible relationships, and
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provided adequate explanations for them. Likewise, empirical riskiness of this model can
be justified, as this model could be re-tested and refutations may very well be possible,
e.g. different industry sector other than manufacturing. Lastly, the more carefully the
lean-green relationship theory builds on previous research studies, the more theoretically
important this research area becomes, as it raises the theory’s abstraction level.
Recapitulating, the main contributions to theory and practice extracted from this
research are: 1) the actual focus of the study was LM and GM, 2) a new Lean-Green
model was proposed, specifically modeling the Lean-Recycling relationship, 3) lean
theory was tested and confirmed, 4) lean outcomes were modeled as a construct, not
sectioned, 5) an invariance analysis for shifts was introduced, in addition to size,
economy and continent, and 6) a robust, comprehensive statistical method was used for
the analysis, structural equation modeling, as it allows for hypothesis testing and
interpretation of results in terms of latent constructs and not just indicators.
Limitations
Even though this study yielded most of the desired results, it is not without
limitations. The names given to the lean techniques and lean outcomes constructs were
only used to differentiate them based on indicators sharing common objectives.
Likewise, even if the lean techniques construct that included the employee participation
indicator, this study did not directly examine the attitude of manufacturing facilities’
employees about materials recycling.
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Materials recycling carries the weight of the green manufacturing construct in this
study, which may rise some concerns in terms of generalizing the Lean-Green
relationship. This green techniques, however, was chosen as one of the gold standards
when implementing GM as it aids in reducing other green wastes (pollution, water,
energy, and land space) and promotes the implementation of other green techniques
(lifecycle assessment, closed looped systems, and design for recyclability). Furthermore,
engaging in recycling practices provides a great understanding of the facility’s waste: as
waste is measured, managers look for ways to recycle it, and then, to eliminate it.
Since the data was not collected specifically for this study but collected by the
GMRG, there is a limited understanding of this dataset and possible sources of systematic
errors cannot be properly identified (method, measurement errors). The CFA did help
mitigate concerns related to measurement errors. And this survey and subsequent
revisions have been amply used in primary, published research articles, which provide
evidence of the reliability of this dataset. On the other hand, because of the orderresponse nature of the survey items, specificity of the measures is decreased and residual
errors increase. This is the price paid for collecting data in a manner that is accessible to
a highly representative portion of manufacturing facilities worldwide. Additionally,
when plant managers were asked about the amount of shifts ran in a facility, details were
not given in regards of amount of hours and/or days. It can be assumed, however, that
the amount of hours in the two plus shifts category is higher than that in the one shift
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category. Also, non-response bias could not be fully tested because respondents were not
differentiated between early and late respondents.
Another concern in regards of data collection comes from the data’s age, as it was
collected about 15 years ago. Because the effort required to collect this extensive dataset
is substantial in terms of important resources (people, time, money), the GMRG gives
direct access to those members of the team that participated in the data collection to use
the dataset for publishing purposes. Surveys III and IV were being used by GMRG
members and survey II dataset was provided to conduct this study. The results of this
study are, however, believed to hold true a decade later. Recycling rates have been
increasing throughout the world in the past three decades as more recycling programs
become available and government agencies raise the recycling goals. Technology has
also made it possible for additional materials to be recycled (in addition to the basics:
metals, plastics, paper). Waste haulers are now turning into material brokers, as materials
collected from one facility as waste are sold to another as raw materials. The benefits of
recycling are well documented, studies after studies, and it is usually one of the first
green practices implemented when a company decides to engage in GM. This study
moves away from anecdotal evidence and into empirical evidence of how recycling
actually enhances LM outcomes. It is expected that the Lean-Recycling relationship
holds true over time as recycling becomes a more accepted green waste reduction
technique, and closes the waste reduction gap between lean and green manufacturing
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systems, tracking waste within the facility but also as it comes in and exits the facility.
Confirming this finding with more current data would be of great benefit for the LeanRecycling field.
Conducting an EFA and a CFA on the same dataset may further raise some
concerns. However, the lean theory’s constructs were only explored to determine the
optimal amount of factors; lean techniques and lean outcomes constructs, and their
relationships, were examined as proposed. Although validity may have been
compromised by conducting the EFA and CFA on the same dataset, generalizability
would have been also compromised if the data were split in half to conduct both analyses.
Lastly, causality inferences need to be interpreted with caution. In regards of lean
variables, by theory, the implementation of lean techniques does lead to enhanced lean
outcomes. But introducing materials recycling to the model may have different model
implications. To establish causality, study replications and longitudinal analyses should
be conducted.
Recommendations
In regards of practice, manufacturing operations managers should consider
implementing materials recycling as an effective green waste reduction technique that
aids in the improvement of lean outcomes, specifically those associated with reduced
costs and improved delivery outcomes. In order to implement materials recycling
initiatives, waste assessments are conducted, and a deep understanding in solid waste is
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attained, all of which provides great insight into how to improve resource efficiency.
Lean and Recycling efforts should be combined, work collaboratively, and not be treated
as distant manufacturing programs performed by different waste reduction teams within
the facility. Also, when adding work shifts to a manufacturing operation great benefits
are realized (reduced lead times and inventories, and increased capacity). However,
manufacturing operations managers should implement materials recycling to their
operations as it will enhance lean outcomes, specifically those related to qualityflexibility. Managers can now stop wondering if implementing materials recycling in a
lean environment works, because it does.
To keep developing good theory, the lean-green relationship needs to be further
examined. One of the ways to do this is to replicate this analysis on another dataset to
see if generalizability can be expanded. Longitudinal analyses may also help in inferring
causal relationships among the variables.
Other variables of study may also be introduced into the analysis. I recommend
examining the relationship between LM and GM by introducing the implementation of
ISO 14000 into the lean model. ISO 14000, and environmental management system,
demands that its certified users keep track of all green wastes and measure them over
time, which leads to better planned green waste reduction initiatives—the act of
measurement alone leads to enormous opportunities to improve (Porter & van der Linde,
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1995). Using this variable, as a more comprehensive green dimension, may help
determine how strong the lean-green relationship really is.
Similarly, a group variable that captures the company’s commitment to
sustainability or its green culture may provide further insight into whether the lean-green
relationship is better explained by companies predisposed to being green.
Hopefully, the continuous research development in the lean-green realm serves to
achieve the ultimate purpose: stop convincing manufacturing operations managers of the
benefits of implementing lean and green systems concurrently. Moreover, managers
should be paying more attention to identifying and reducing green costs, which are
usually treated as fixed costs and ignored when engaging in continuous improvement
initiatives. Sooner or later, it should be realized that lean is green, and vice-a-versa.

142

REFERENCES
(2004). Introduction to Lean Manufacturing for Vietnam. Mekong Capital, 20. Retrieved
from www.lean6sigma.vn/Download-document/2-Lean-Manufacturing.html
(2010). Manual publication of the American Psychological Association. (6th ed.).
Washington, DC: American Psychological Association.
A brief timeline of the history of recycling. (2014, May 20). Retrieved September 22,
2014, from http://www.buschsystems.com/2014/05/a-brief-timeline-of-thehistory-of-recycling/
Apte, U. M., & Goh, C. H. (2004). Applying lean manufacturing principles to
information intensive services. International journal of services technology and
management, 5(5), 488-506.
Ashby, M. F. (2012). Materials and the environment: eco-informed material choice.
Elsevier.
Ball, P. D., Evans, S., Levers, A., & Ellison, D. (2009). Zero carbon manufacturing
facility—towards integrating material, energy, and waste process
flows. Proceedings of the Institution of Mechanical Engineers, Part B: Journal of
Engineering Manufacture, 223(9), 1085-1096.

143

Baron, R. M., & Kenny, D. A. (1986). The moderator–mediator variable distinction in
social psychological research: Conceptual, strategic, and statistical
considerations. Journal of personality and social psychology, 51(6), 1173.
Bergmiller, G. G. (2006). Lean manufacturers transcendence to green manufacturing:
Correlating the diffusion of lean and green manufacturing systems (Doctoral
dissertation, University of South Florida).
Bergmiller, G. G., & McCright, P. R. (2009, June). Are Lean and Green Programs
Synergistic? In Proceedings of the 2009 Industrial Engineering Research
Conference, Miami, FL, USA.
Bergmiller, G. G., & McCright, P. R. (2009, May). Parallel models for lean and green
operations. In Proceedings of the 2009 Industrial Engineering Research
Conference, Miami, FL.
Bowen, D. E., & Youngdahl, W. E. (1998). “Lean” service: in defense of a productionline approach. International Journal of Service Industry Management, 9(3), 207225.
Brown, T. A. (2006). Confirmatory factor analysis for applied research. New York, NY:
The Guilford Press.
Christopher, N. (2012). Sustainability Demystified!: A Practical Guide for Business
Leaders and Managers. Principia Media.

144

Corbett, L. M., & Whybark, D. C. (2001). Searching for the sandcone in the GMRG
data. International Journal of Operations & Production Management, 21(7), 965980.
Corbett, C. J., & Klassen, R. D. (2006). Extending the horizons: environmental
excellence as key to improving operations. Manufacturing & Service Operations
Management, 8(1), 5-22.
Dailey, K. W. (2003). The lean manufacturing pocket handbook. DW Publishing Co.
Davidson, P. (2009, November 3). Lean manufacturing helps companies survive
recession. USA Today. Retrieved from
http://usatoday30.usatoday.com/money/industries/manufacturing/2009-11-01lean-manufacturing-recession_N.htm
Dimitrov, D. M. (2010). Testing for factorial invariance in the context of construct
validation. Measurement and Evaluation in Counseling and Development, 43(2),
121-149.
Dobbs, R., Oppenheim, J., Thompson, F., Brinkman, M., Zornes, M. (2011, November).
Resource revolution: meeting the world’s energy, materials, food and water
needs. McKinsey Global Institute.
Dornfeld, D. A. (Ed.). (2013). Green Manufacturing: Fundamentals and Applications.
Springer.

145

Dües, C. M., Tan, K. H., & Lim, M. (2013). Green as the new Lean: how to use Lean
practices as a catalyst to greening your supply chain. Journal of cleaner
production, 40, 93-100.
Enhancing the role of industry through for example, private-public partnerships, the use
of economic instruments at international and national level and allocation and
financial and technical participation in implementing sound management of
chemicals and waste. (2011). 4th meeting of the Consultative process on
financing options for chemicals and wastes, New York, NY. Retrieved from
http://www.unep.org/delc/Portals/119/industrryRoleOfIndclean.pdf
Gadermann, A. M., Guhn, M., & Zumbo, B. D. (2012). Estimating ordinal reliability for
Likert-type and ordinal item response data: A conceptual, empirical, and practical
guide. Practical Assessment, Research & Evaluation, 17(3), 1-13.
Galvan, J. L. (2009). Writing literature reviews. (4th ed.). Glendale, CA: Pyrczak
Publishing.
Glass-Angeles, M. N., & Christensen, N. J. (2013, August). In I. S. Jawahir (Chair). Zero
waste to landfill. Presentation delivered at 3rd international congress on
sustainability science & engineering, Cincinnati, OH.
Goldratt, E. M., Cox, J., & Whitford, D. (1992). The goal: a process of ongoing
improvement (Vol. 2). New York, NY: North River Press.

146

Graban, M. (2009, December 19). [Web log message]. Retrieved from
http://www.leanblog.org/2009/12/u-s-companies-competing-with-china-usinglean/
Haden, S. S. P., Oyler, J. D., & Humphreys, J. H. (2009). Historical, practical, and
theoretical perspectives on green management: an exploratory analysis.
Management Decision, 47(7), 1041-1055.
Hanson, J. D., Melnyk, S. A., & Calantone, R. J. (2004). Core values and environmental
management. Greener management international, 2004(46), 29-40.
International organization for standardization. (n.d.). Retrieved from
http://www.iso.org/iso/home.htm
Holgado–Tello, F. P., Chacón–Moscoso, S., Barbero–García, I., & Vila–Abad, E. (2010).
Polychoric versus Pearson correlations in exploratory and confirmatory factor
analysis of ordinal variables. Quality & Quantity, 44(1), 153-166.
Jensen, M. (2015). Lean waste stream: Reducing material use and garbage using lean
principles. CRC Press.
Kilpatrick, J. (2003). Lean principles. Utah Manufacturing Extension Partnership, 1-5.

147

King, A. A., & Lenox, M. J. (2001). Lean and green? An empirical examination of the
relationship between lean production and environmental performance. Production
and Operations Management, 10(3), 244-256.
Kline, R. B. (2011). Principles and practice of structural equation modeling. (3rd ed.).
New York, NY: The Guilford Press.
Knowlton, L., & Phillips, C. (2013). The logic model guidebook: Better strategies for
great results (2nd ed.). Los Angeles: SAGE.
Larson, T., & Greenwood, R. (2004). Perfect complements: Synergies between lean
production and eco‐sustainability initiatives. Environmental Quality
Management, 13(4), 27-36.
Leahu-Aluas, S., Burstein, E. P., & Durham, D. (2010). Sustainable Manufacturing
Opportunities and Hurdles to Implementation. Manufacturing
Engineering, 145(3), 13-14.
Melton, T. (2005). The benefits of lean manufacturing: What lean thinking has to offer
the process industries. Chemical Engineering Research and Design, 83(6), 662673.
Miller, R. D. (2013). The shingo model for operational excellence. Unpublished raw data,
Jon M. Huntsman School of Business, Utah State University, Logan, UT,
Retrieved from www.shingoprize.org.

148

Monden, Y. (2011). Toyota production system: an integrated approach to just-in-time.
CRC Press.
Moreira, F., Alves, A. C., & Sousa, R. M. (2010). Towards eco-efficient lean production
systems. In Balanced Automation Systems for Future Manufacturing
Networks (pp. 100-108). Springer Berlin Heidelberg.
Muthén, L.K. and Muthén, B.O. (1998-2010). Mplus User’s Guide. Sixth Edition. Los
Angeles, CA: Muthén & Muthén.
Narasimhan, R., & Schoenherr, T. (2012). The effects of integrated supply management
practices and environmental management practices on relative competitive quality
advantage. International Journal of Production Research, 50(4), 1185-1201.
Pavnaskar, S. J., Gershenson, J. K., & Jambekar, A. B. (2003). Classification scheme for
lean manufacturing tools. International Journal of Production Research, 41(13),
3075-3090. doi: 10.1080/0020754021000049817
Pil, F. K., & Rothenberg, S. (2003). Environmental performance as a driver of superior
quality. Production and Operations Management, 12(3), 404-415.
Podsakoff, P. M., MacKenzie, S. B., Lee, J. Y., & Podsakoff, N. P. (2003). Common
method biases in behavioral research: a critical review of the literature and
recommended remedies. Journal of applied psychology, 88(5), 879.

149

Porter, M. E., & van der Linde, C. (1995). Green and competitive: ending the stalemate.
Harvard Business Review, 73(5), 120-134.
Recycling. (2009). Irvine, CA: Saddleback Educational Publishing.
Rothenberg, S., Pil, F. K., & Maxwell, J. (2001). Lean, green, and the quest for superior
environmental performance. Production and Operations Management, 10(3),
228-243.
Russell, R. S., & Taylor-Iii, B. W. (2008). Operations management: creating value along
the supply chain. John Wiley & Sons, Inc.
Schoenherr, T. (2012). The role of environmental management in sustainable business
development: a multi-country investigation. International Journal of Production
Economics, 140(1), 116-128.
Shah, R., & Goldstein, S. M. (2006). Use of structural equation modeling in operations
management research: Looking back and forward. Journal of Operations
Management, 24(2), 148-169.
Sustainable Manufacturing 101 Module. (2011, December 6). Retrieved December 2,
2013, from http://www.trade.gov/green/sm-101-module.asp. US Department of
Commerce, International Trade Administration, Manufacturing and Services.
Tabachnick, B. G., & Fidell, L. S. (2001). Using multivariate statistics.

150

Tapping, D., & Shuker, T. (2003). Value Stream Management for the Lean Office: Eight
Steps to Planning, Mapping, & Sustaining Lean Improvements in Administrative
Areas. Productivity Press.
The truth about recycling. (2007). Technology Quarterly.
Top 25 lean tools. (2010). Retrieved from http://www.leanproduction.com/top-25-leantools.html.
Van Prooijen, J. W., & Van Der Kloot, W. A. (2001). Confirmatory analysis of
exploratively obtained factor structures. Educational and Psychological
Measurement, 61(5), 777-792.
Vandenberg, R. J., & Lance, C. E. (2000). A review and synthesis of the measurement
invariance literature: Suggestions, practices, and recommendations for
organizational research. Organizational Research Methods, 3, 4-70.
Wacker, J. G. (1998). A definition of theory: research guidelines for different theorybuilding research methods in operations management. Journal of Operations
Management, 16(4), 361-385.
Whybark, D. C. (1997). GMRG survey research in operations management. International
Journal of Operations & Production Management, 17(7), 686-696.

151

Wiengarten, F., & Pagell, M. (2012). The importance of quality management for the
success of environmental management initiatives. International Journal of
Production Economics.
Womack, J. P., & Jones, D. T. (1996). Lean thinking: Banish waste and create wealth in
your organization. Rawson Associates, New York.
Womack, J. P., Jones, D. T., & Roos, D. (2007). The machine that changed the world:
The story of lean production--Toyota's secret weapon in the global car wars that is
now revolutionizing world industry. SimonandSchuster.com.
Worrell, E. (2014). Handbook of recycling: State-of-the-art for practitioners, analysts,
and scientists. Elsevier.
Yang, C. L., Lin, S. P., Chan, Y. H., & Sheu, C. (2010). Mediated effect of
environmental management on manufacturing competitiveness: an empirical
study. International Journal of Production Economics, 123(1), 210-220.
Yang, M. G. M., Hong, P., & Modi, S. B. (2011). Impact of lean manufacturing and
environmental management on business performance: an empirical study of
manufacturing firms. International Journal of Production Economics, 129(2),
251-261.

152

Yu, C. Y. (2002). Evaluating cutoff criteria of model fit indices for latent variable models
with binary and continuous outcomes (Doctoral dissertation, University of
California Los Angeles).
Zhu, Q., & Sarkis, J. (2004). The link between quality management and environmental
management in firms of differing size: An analysis of organizations in
China. Environmental Quality Management, 13(3), 53-64.

153

APPENDIX A
HSIRB Approval Letter
Letter from the Human Subjects Institutional Review Board (HSIRB) waiving
approval requirements based on the nature of this research.

154

APPENDIX B
SAS 9.4 Code Used in Pilot Study
options nocenter;
libname Marylin "E:\AM Backup\Documents\MNGA Files\MNGA
Documents\PhD\Dissertation\Data Collection\GMRG\GMRG II";
proc import datafile="E:\AM Backup\Documents\MNGA Files\MNGA
Documents\PhD\Dissertation\Data Collection\GMRG\GMRG II\Data Used.xlsx"
out=RawData
dbms=xlsx replace;
sheet="SAS Data (With Deletion)";
getnames=yes;
run;
proc format ;
value sizefmt
1='Small'
2='Large';
value shiftfmt
1='One Shift'
2='Two Shifts'
3='Three Shifts'
4='Four Shifts';
run;
data Marylin.Diss;
set RawData;
run;
proc freq data=Marylin.Diss data=auto;
tables
LT1-LT12 MR Cost Quality Del1-Del3 Flex1 Flex2
Continent Economy Size Shifts;
format
Size sizefmt.
Shifts shiftfmt.;
run;
pattern1 v=s c=blue;
proc gchart data=Marylin.Diss;
hbar LT1-LT12 MR Cost Quality Del1-Del3 Flex1 Flex2
Continent Economy size shifts
/ type=freq discrete;
format
Size sizefmt.
Shifts shiftfmt.;
run;
quit;
*Pearson table to compare with Polychoric table;
proc corr data=Marylin.Diss;
var LT1-LT12 MR Cost Quality Del1-Del3 Flex1 Flex2;
run;
*Correct correlation because data is ordinal (not continuous);
proc corr data=Marylin.Diss nosimple outplc=polycorrno;
var LT1-LT12 MR Cost Quality Del1-Del3 Flex1 Flex2;
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run;
data polycorryes(drop=_type_ rename=(_NAME_=INDICATOR));
set polycorrno;
if _type_="MEAN" or _type_="STD" or _type_="N" then delete;
run;
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APPENDIX C
Mplus 7.3 Code Used in Pilot Study
The data file was converted from use in SAS 9.4 to use in MPlus 7.3 with the file
name Diss.text.
TITLE: Simple Regression Analysis (LT12 to Quality)
DATA: FILE IS Diss.text;
VARIABLE: NAMES ARE Continent Economy Size Shifts LT1 LT2 LT3 LT4 LT5 LT6
LT7 LT8 LT9 LT10 LT11 LT12 MR Cost Quality Del1 Del2 Del3 Flex1 Flex2;
USEVARIABLES ARE LT12 Quality;
CATEGORICAL ARE Quality;
MISSING IS .;
ANALYSIS: ESTIMATOR = WLS;
MODEL: Quality ON LT12;

TITLE: Simple Regression Analysis (Correlation: Quality, MR)
DATA: FILE IS Diss.text;
VARIABLE: NAMES ARE Continent Economy Size Shifts LT1 LT2 LT3 LT4 LT5 LT6
LT7 LT8 LT9 LT10 LT11 LT12 MR Cost Quality Del1 Del2 Del3 Flex1 Flex2;
USEVARIABLES ARE LT12 MR Quality;
CATEGORICAL ARE Quality;
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MISSING IS .;
ANALYSIS: ESTIMATOR = WLS;
MODEL: Quality ON LT12 MR;
LT12 WITH MR;

TITLE: Simple Regression Analysis (Mediation: Quality, MR)
DATA: FILE IS Diss.text;
VARIABLE: NAMES ARE Continent Economy Size Shifts LT1 LT2 LT3 LT4 LT5 LT6
LT7 LT8 LT9 LT10 LT11 LT12 MR Cost Quality Del1 Del2 Del3 Flex1 Flex2;
USEVARIABLES ARE LT12 MR Quality;
CATEGORICAL ARE Quality;
MISSING IS .;
ANALYSIS: ESTIMATOR = WLS;
MODEL: Quality ON LT12;
MR ON LT12;
Quality ON MR;

TITLE: CFA for LT 1 Factor
DATA: FILE IS Diss.text;
VARIABLE: NAMES ARE Continent Economy Size Shifts LT1 LT2 LT3 LT4 LT5 LT6
LT7 LT8 LT9 LT10 LT11 LT12 MR Cost Quality Del1 Del2 Del3 Flex1 Flex2;
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USEVARIABLES ARE LT1 LT2 LT3 LT4 LT5 LT6 LT7 LT8 LT9 LT10 LT11 LT12;
CATEGORICAL ARE LT1 LT2 LT3 LT4 LT5 LT6 LT7 LT8 LT9 LT10 LT11 LT12;
MISSING IS .;
MODEL: LT by LT1* LT2 LT3 LT4 LT5 LT6 LT7 LT8 LT9 LT10 LT11 LT12;
LT@1;
ANALYSIS: Estimator = wls;
OUTPUT: standardized res modindices (all);
TITLE: SEM for LT 1 Factor, MR and Quality (Correlation)
DATA: FILE IS Diss.text;
VARIABLE: NAMES ARE Continent Economy Size Shifts LT1 LT2 LT3 LT4 LT5 LT6
LT7 LT8 LT9 LT10 LT11 LT12 MR Cost Quality Del1 Del2 Del3 Flex1 Flex2;
USEVARIABLES ARE LT1 LT2 LT3 LT4 LT5 LT6 LT7 LT8 LT9 LT10 LT11 LT12
MR Quality;
CATEGORICAL ARE Quality;
MISSING IS .;
MODEL: LT by LT1* LT2 LT3 LT4 LT5 LT6 LT7 LT8 LT9 LT10 LT11 LT12;
LT@1;
LT with MR;
Quality on LT;
Quality on MR;
ANALYSIS: Estimator = wls;
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OUTPUT: standardized res modindices (all);

TITLE: SEM for LT 1 Factor, MR and Quality (Mediation)
DATA: FILE IS Diss.text;
VARIABLE: NAMES ARE Continent Economy Size Shifts LT1 LT2 LT3 LT4 LT5 LT6
LT7 LT8 LT9 LT10 LT11 LT12 MR Cost Quality Del1 Del2 Del3 Flex1 Flex2;
USEVARIABLES ARE LT1 LT2 LT3 LT4 LT5 LT6 LT7 LT8 LT9 LT10 LT11 LT12
MR Quality;
CATEGORICAL ARE Quality;
MISSING IS .;
MODEL: LT by LT1* LT2 LT3 LT4 LT5 LT6 LT7 LT8 LT9 LT10 LT11 LT12;
LT@1;
MR on LT;
Quality on LT;
Quality on MR;
ANALYSIS: Estimator = wls;
OUTPUT: standardized res modindices (all);

160

APPENDIX D
Frequency Graphs and Tables of all Variables Of Study

Figure 40. Frequency graph and table for cellular manufacturing.

Figure 41. Frequency graph and table for employee participation programs.

161

Figure 42. Frequency graph and table for factory automation.

Figure 43. Frequency graph and table for just-in-time systems.
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Figure 44. Frequency graph and table for manufacturing time reduction.

Figure 45. Frequency graph and table for materials requirement planning.
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Figure 46. Frequency graph and table for productivity improvement.

Figure 47. Frequency graph and table for setup time reduction.
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Figure 48. Frequency graph and table for process analysis.

Figure 49. Frequency graph and table for statistical process control.
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Figure 50. Frequency graph and table for supplier partnership.

Figure 51. Frequency graph and table for total quality management.
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Figure 52. Frequency graph and table for materials recycling.

Figure 53. Frequency graph and table for cost.
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Figure 54. Frequency graph and table for quality.

Figure 55. Frequency graph and table for manufacturing throughput time.
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Figure 56. Frequency graph and table for delivery speed.

Figure 57. Frequency graph and table for delivery as promised.
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Figure 58. Frequency graph and table for flexibility to change product.

Figure 59. Frequency graph and table for flexibility to change output volume.
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APPENDIX E
Pairwise Polychoric Correlations
Significant correlations at a 0.05 alpha level are denoted in light green, and
correlation coefficients of .3 and higher and denoted in light orange.
Table 28. Polychoric correlations of all variable pairwise relationships.

cel_mfg
cel_mfg
cel_mfg
cel_mfg
cel_mfg
cel_mfg
cel_mfg
cel_mfg
cel_mfg
cel_mfg
cel_mfg
cel_mfg
cel_mfg
cel_mfg
cel_mfg
cel_mfg
cel_mfg
cel_mfg
cel_mfg
emp_part
emp_part
emp_part
emp_part

With
emp_part
fac_auto
JIT
time_red
MRP
pro_imp
setup_red
proc_ana
SPC
supplier
TQM
MR
Cost
Quality
thruput
speed
promised
prod_ch
vol_ch
fac_auto
JIT
time_red
MRP

N
1096
1099
1086
1097
1061
1098
1096
1096
1094
1097
1094
1096
1096
1102
1095
1100
1097
1099
1094
1132
1119
1131
1091

Polychoric Correlations
Wald Test
Coefficient
SE
χ²
0.4201
0.0298 199.1653
0.3746
0.0311 144.8322
0.4485
0.0299 224.4506
0.3932
0.0304 167.4297
0.2729
0.0336 65.8550
0.2929
0.0327 80.3307
0.3152
0.0322 96.1274
0.3404
0.0317 115.2262
0.3775
0.0312 146.2332
0.3394
0.0317 114.4426
0.3183
0.0323 97.4111
0.2480
0.0337 54.2619
0.1518
0.0352 18.5868
0.0373
0.0364
1.0491
0.1152
0.0353 10.6724
0.0946
0.0355
7.0964
0.1085
0.0356
9.3217
0.0524
0.0357
2.1592
0.0914
0.0354
6.6540
0.3898
0.0283 189.1627
0.4906
0.0264 344.8946
0.4787
0.0257 346.9039
0.4543
0.0270 282.4065

Pr > χ²
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
0.3057
0.0011
0.0077
0.0023
0.1417
0.0099
<.0001
<.0001
<.0001
<.0001

LR Test
χ²
Pr > χ²
150.1332 <.0001
116.1473 <.0001
164.9079 <.0001
129.7041 <.0001
57.9032 <.0001
70.3798 <.0001
80.7833 <.0001
95.7281 <.0001
117.8598 <.0001
93.4703 <.0001
82.7601 <.0001
48.6886 <.0001
17.6334 <.0001
1.0388 0.3081
10.2773 0.0013
6.8533 0.0088
9.0885 0.0026
2.0996 0.1473
6.4479 0.0111
147.7294 <.0001
234.2398 <.0001
237.5033 <.0001
202.9783 <.0001
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emp_part
emp_part
emp_part
emp_part
emp_part
emp_part
emp_part
emp_part
emp_part
emp_part
emp_part
emp_part
emp_part
emp_part
fac_auto
fac_auto
fac_auto
fac_auto
fac_auto
fac_auto
fac_auto
fac_auto
fac_auto
fac_auto
fac_auto
fac_auto
fac_auto
fac_auto
fac_auto
fac_auto
fac_auto
JIT
JIT
JIT
JIT
JIT

pro_imp
setup_red
proc_ana
SPC
supplier
TQM
MR
Cost
Quality
thruput
speed
promised
prod_ch
vol_ch
JIT
time_red
MRP
pro_imp
setup_red
proc_ana
SPC
supplier
TQM
MR
Cost
Quality
thruput
speed
promised
prod_ch
vol_ch
time_red
MRP
pro_imp
setup_red
proc_ana

1134
1128
1131
1127
1130
1130
1130
1131
1138
1130
1136
1132
1135
1131
1123
1138
1097
1141
1135
1136
1133
1136
1135
1136
1136
1144
1135
1142
1139
1140
1135
1122
1087
1126
1119
1123

0.5190
0.4087
0.5046
0.4300
0.3788
0.5592
0.3187
0.0850
0.1602
0.1494
0.1671
0.1401
0.1553
0.1660
0.4864
0.4696
0.3533
0.4494
0.4078
0.3888
0.3950
0.2136
0.3481
0.2611
0.2236
0.1051
0.1317
0.1289
0.1406
0.1112
0.1127
0.6000
0.4866
0.5204
0.4536
0.4787

0.0246
0.0277
0.0251
0.0275
0.0284
0.0233
0.0299
0.0330
0.0329
0.0323
0.0322
0.0326
0.0324
0.0322
0.0267
0.0261
0.0297
0.0268
0.0278
0.0283
0.0285
0.0315
0.0293
0.0311
0.0319
0.0335
0.0326
0.0327
0.0328
0.0329
0.0328
0.0227
0.0270
0.0255
0.0275
0.0268

445.3980
218.5973
405.2551
243.9126
177.8398
574.7093
113.4504
6.6459
23.6631
21.3722
26.8556
18.4307
23.0467
26.6186
331.9242
323.7635
141.6023
282.1749
215.2965
188.2329
191.6392
46.0921
141.5940
70.6974
49.2792
9.8381
16.3048
15.5264
18.4379
11.4497
11.8039
701.6911
324.6235
416.3312
272.7778
319.9618

<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
0.0099
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
0.0017
<.0001
<.0001
<.0001
0.0007
0.0006
<.0001
<.0001
<.0001
<.0001
<.0001

284.5464
167.3131
265.3978
180.8000
141.0381
335.7950
95.9219
6.5396
22.5949
20.6476
25.4211
17.8071
22.1880
25.4140
226.2992
223.8304
115.1616
200.1123
162.6745
147.4680
151.0870
42.1526
115.6121
63.0487
45.6064
9.5040
15.7698
15.0015
17.6951
11.0011
11.4263
371.2446
219.4970
265.8295
195.5712
219.5876

<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
0.0105
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
0.0021
<.0001
0.0001
<.0001
0.0009
0.0007
<.0001
<.0001
<.0001
<.0001
<.0001

172

JIT
JIT
JIT
JIT
JIT
JIT
JIT
JIT
JIT
JIT
JIT
time_red
time_red
time_red
time_red
time_red
time_red
time_red
time_red
time_red
time_red
time_red
time_red
time_red
time_red
time_red
MRP
MRP
MRP
MRP
MRP
MRP
MRP
MRP
MRP
MRP

SPC
supplier
TQM
MR
Cost
Quality
thruput
speed
promised
prod_ch
vol_ch
MRP
pro_imp
setup_red
proc_ana
SPC
supplier
TQM
MR
Cost
Quality
thruput
speed
promised
prod_ch
vol_ch
pro_imp
setup_red
proc_ana
SPC
supplier
TQM
MR
Cost
Quality
thruput

1121
1122
1121
1121
1121
1128
1120
1126
1123
1125
1119
1095
1140
1134
1133
1130
1133
1132
1133
1134
1141
1135
1140
1137
1137
1133
1098
1093
1093
1090
1094
1093
1096
1093
1100
1096

0.4184
0.3398
0.5036
0.2985
0.2064
0.2195
0.1879
0.2177
0.2533
0.2207
0.1629
0.5509
0.6785
0.5491
0.5044
0.3028
0.3311
0.4012
0.3412
0.2179
0.2247
0.2561
0.2387
0.1969
0.2316
0.2436
0.6141
0.4813
0.5291
0.3484
0.3044
0.4354
0.3233
0.1330
0.2414
0.1826

0.0288 211.7694 <.0001 159.9833 <.0001
0.0303 126.1179 <.0001 104.5324 <.0001
0.0261 373.1557 <.0001 245.6051 <.0001
0.0313 90.7854 <.0001 78.7041 <.0001
0.0330 39.1028 <.0001 36.2249 <.0001
0.0334 43.2508 <.0001 40.2946 <.0001
0.0330 32.3978 <.0001 30.3762 <.0001
0.0327 44.2214 <.0001 40.4741 <.0001
0.0324 61.1822 <.0001 55.2379 <.0001
0.0327 45.5450 <.0001 41.7013 <.0001
0.0333 23.9047 <.0001 22.9536 <.0001
0.0239 530.8566 <.0001 315.2394 <.0001
0.0187 1319.6957 <.0001 556.4071 <.0001
0.0235 548.4722 <.0001 325.7269 <.0001
0.0250 408.3078 <.0001 266.6996 <.0001
0.0302 100.5373 <.0001 86.2504 <.0001
0.0293 127.9347 <.0001 106.9683 <.0001
0.0278 208.7855 <.0001 161.9810 <.0001
0.0293 135.3655 <.0001 112.1933 <.0001
0.0316 47.5398 <.0001 44.1067 <.0001
0.0320 49.2273 <.0001 45.2637 <.0001
0.0309 68.8937 <.0001 62.4677 <.0001
0.0312 58.5641 <.0001 53.7030 <.0001
0.0319 38.1715 <.0001 35.8904 <.0001
0.0313 54.6518 <.0001 50.2884 <.0001
0.0311 61.3908 <.0001 56.1357 <.0001
0.0217 797.5072 <.0001 409.5597 <.0001
0.0262 338.1204 <.0001 230.4308 <.0001
0.0248 456.0251 <.0001 284.4550 <.0001
0.0300 134.6276 <.0001 110.4966 <.0001
0.0305 99.7092 <.0001 85.3516 <.0001
0.0276 249.5024 <.0001 185.3398 <.0001
0.0303 113.5400 <.0001 96.4079 <.0001
0.0334 15.8940 <.0001 15.3071 <.0001
0.0326 54.9465 <.0001 50.1362 <.0001
0.0326 31.4525 <.0001 29.9766 <.0001
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MRP
MRP
MRP
MRP
pro_imp
pro_imp
pro_imp
pro_imp
pro_imp
pro_imp
pro_imp
pro_imp
pro_imp
pro_imp
pro_imp
pro_imp
pro_imp
setup_red
setup_red
setup_red
setup_red
setup_red
setup_red
setup_red
setup_red
setup_red
setup_red
setup_red
setup_red
proc_ana
proc_ana
proc_ana
proc_ana
proc_ana
proc_ana
proc_ana

speed
promised
prod_ch
vol_ch
setup_red
proc_ana
SPC
supplier
TQM
MR
Cost
Quality
thruput
speed
promised
prod_ch
vol_ch
proc_ana
SPC
supplier
TQM
MR
Cost
Quality
thruput
speed
promised
prod_ch
vol_ch
SPC
supplier
TQM
MR
Cost
Quality
thruput

1100
1097
1097
1094
1137
1138
1135
1138
1137
1138
1140
1147
1140
1146
1142
1143
1137
1132
1129
1131
1130
1131
1133
1139
1131
1138
1134
1136
1131
1136
1135
1133
1136
1135
1142
1134

0.1835
0.1911
0.1787
0.1980
0.6350
0.5545
0.3721
0.3237
0.4989
0.3125
0.2402
0.2941
0.2583
0.2490
0.2529
0.2525
0.2625
0.6016
0.4194
0.3218
0.4464
0.3518
0.1471
0.1969
0.1664
0.1713
0.1677
0.1982
0.1945
0.6046
0.4446
0.5482
0.3983
0.1402
0.2093
0.1864

0.0327
0.0327
0.0327
0.0324
0.0205
0.0235
0.0289
0.0295
0.0252
0.0300
0.0314
0.0310
0.0309
0.0311
0.0312
0.0311
0.0309
0.0218
0.0277
0.0295
0.0267
0.0292
0.0325
0.0325
0.0321
0.0321
0.0323
0.0318
0.0318
0.0219
0.0268
0.0237
0.0282
0.0326
0.0324
0.0319

31.5908
34.1431
29.8448
37.2496
961.0819
559.3021
166.2155
120.6112
392.1322
108.7972
58.6508
89.9101
70.0028
64.1278
65.7761
66.0287
72.2978
764.8728
228.9022
118.7572
279.7966
145.2586
20.5621
36.8147
26.8842
28.4877
26.9750
38.7665
37.3963
760.1693
276.0238
535.3751
199.9974
18.5003
41.7801
34.0633

<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001

29.9675
32.3000
28.3091
34.9613
461.8129
332.3889
133.0449
101.0677
261.0175
92.8590
53.5972
78.6948
63.2081
58.2727
59.4039
59.6357
64.8809
404.2030
172.6427
99.6379
202.6881
118.7744
19.6778
34.5926
25.5159
26.9591
25.6739
36.2119
35.0600
399.5446
199.7453
322.3761
155.1563
17.8177
38.9940
32.0718

<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
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proc_ana
proc_ana
proc_ana
proc_ana
SPC
SPC
SPC
SPC
SPC
SPC
SPC
SPC
SPC
SPC
supplier
supplier
supplier
supplier
supplier
supplier
supplier
supplier
supplier
TQM
TQM
TQM
TQM
TQM
TQM
TQM
TQM
MR
MR
MR
MR
MR

speed
promised
prod_ch
vol_ch
supplier
TQM
MR
Cost
Quality
thruput
speed
promised
prod_ch
vol_ch
TQM
MR
Cost
Quality
thruput
speed
promised
prod_ch
vol_ch
MR
Cost
Quality
thruput
speed
promised
prod_ch
vol_ch
Cost
Quality
thruput
speed
promised

1140
1137
1139
1134
1133
1134
1134
1130
1137
1130
1135
1132
1134
1129
1135
1138
1136
1143
1137
1141
1137
1140
1134
1137
1134
1141
1132
1139
1135
1137
1131
1135
1143
1135
1141
1137

0.1549
0.1342
0.1912
0.2013
0.4309
0.5101
0.3428
0.1367
0.1283
0.0834
0.0576
0.0542
0.0636
0.0950
0.4122
0.3916
0.1853
0.0915
0.1210
0.0687
0.0912
0.1237
0.1640
0.3958
0.1800
0.2830
0.2152
0.1641
0.1750
0.1972
0.1996
0.1857
0.1214
0.1586
0.1133
0.1054

0.0323
0.0327
0.0320
0.0318
0.0274
0.0252
0.0297
0.0331
0.0336
0.0331
0.0333
0.0335
0.0333
0.0331
0.0276
0.0283
0.0321
0.0334
0.0325
0.0329
0.0329
0.0325
0.0322
0.0282
0.0322
0.0313
0.0316
0.0322
0.0323
0.0319
0.0318
0.0324
0.0335
0.0324
0.0329
0.0331

22.9634
16.8886
35.7517
40.1197
246.5134
409.4254
132.8253
17.1063
14.5801
6.3388
2.9903
2.6131
3.6394
8.2130
223.4524
191.8400
33.2752
7.5136
13.8849
4.3739
7.6801
14.4531
25.9722
196.8310
31.2313
81.8044
46.3379
25.9194
29.3939
38.1763
39.2897
32.8635
13.1671
23.9139
11.8571
10.1422

<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
0.0001
0.0118
0.0838
0.106
0.0564
0.0042
<.0001
<.0001
<.0001
0.0061
0.0002
0.0365
0.0056
0.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
0.0003
<.0001
0.0006
0.0014

21.9851
16.3098
33.2168
37.3168
182.2688
263.9142
109.5424
16.4160
14.1066
6.2041
2.9145
2.5606
3.5186
7.9439
167.9795
149.3294
31.1100
7.3538
13.3511
4.2660
7.4723
13.8335
24.5028
152.1435
29.4953
72.4318
43.4230
24.7761
28.0511
35.5631
36.7868
31.0570
12.8129
22.8110
11.4780
9.8789

<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
0.0002
0.0127
0.0878
0.1096
0.0607
0.0048
<.0001
<.0001
<.0001
0.0067
0.0003
0.0389
0.0063
0.0002
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
0.0003
<.0001
0.0007
0.0017
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MR
MR
Cost
Cost
Cost
Cost
Cost
Cost
Quality
Quality
Quality
Quality
Quality
thruput
thruput
thruput
thruput
speed
speed
speed
promised
promised
prod_ch

prod_ch
vol_ch
Quality
thruput
speed
promised
prod_ch
vol_ch
thruput
speed
promised
prod_ch
vol_ch
speed
promised
prod_ch
vol_ch
promised
prod_ch
vol_ch
prod_ch
vol_ch
vol_ch

1139
1133
1146
1140
1144
1140
1143
1137
1145
1151
1147
1149
1144
1143
1139
1141
1135
1147
1147
1141
1145
1138
1142

0.1567
0.1902
0.1802
0.3746
0.2401
0.2047
0.1530
0.1849
0.3090
0.3406
0.4376
0.3292
0.2963
0.6539
0.5055
0.3887
0.4157
0.7460
0.3866
0.4152
0.4030
0.3713
0.5825

0.0326 23.1434 <.0001 22.0796 <.0001
0.0322 34.9505 <.0001 32.8781 <.0001
0.0331 29.5719 <.0001 27.8653 <.0001
0.0292 164.3982 <.0001 133.1421 <.0001
0.0318 57.1253 <.0001 52.0710 <.0001
0.0324 39.9047 <.0001 37.1520 <.0001
0.0328 21.7813 <.0001 20.6802 <.0001
0.0324 32.4947 <.0001 30.5280 <.0001
0.0311 98.8875 <.0001 85.7788 <.0001
0.0306 124.2722 <.0001 104.9788 <.0001
0.0285 236.3481 <.0001 178.1716 <.0001
0.0308 114.3159 <.0001 97.4798 <.0001
0.0313 89.4250 <.0001 78.4181 <.0001
0.0205 1019.1176 <.0001 479.5421 <.0001
0.0258 383.9723 <.0001 256.5482 <.0001
0.0288 182.4377 <.0001 143.9744 <.0001
0.0281 218.7605 <.0001 168.3079 <.0001
0.0167 1985.5065 <.0001 678.4029 <.0001
0.0289 178.8660 <.0001 142.6220 <.0001
0.0282 216.8214 <.0001 166.9214 <.0001
0.0287 197.8528 <.0001 155.1436 <.0001
0.0294 159.8108 <.0001 129.9741 <.0001
0.0231 634.8349 <.0001 358.0911 <.0001
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APPENDIX F
Mplus 7.3 Code Used in Main Study
The data file was converted from use in SAS 9.4 to use in MPlus 7.3 with the file
names Dissertation.text, Diss.text, and Data.dat.

TITLE: EFA for LT Test 9 Factors
DATA:
FILE IS Dissertation.text;
VARIABLE:
NAMES ARE Continent Economy Size Shifts cel_mfg emp_part fac_auto JIT time_red
MRP pro_imp setup_red proc_ana SPC supplier TQM MR Cost Quality thruput speed
promised prod_ch vol_ch;
CATEGORICAL ARE cel_mfg emp_part fac_auto JIT time_red MRP pro_imp
setup_red proc_ana SPC supplier TQM;
USEVARIABLES ARE cel_mfg emp_part fac_auto JIT time_red MRP pro_imp
setup_red proc_ana SPC supplier TQM;
MISSING IS .;
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ANALYSIS:
TYPE IS EFA 1 9 MISSING;
ESTIMATOR = WLSMV;
ITERATIONS = 1000;
CONVERGENCE = 0.0001;
COVERAGE = 0.10;

TITLE: EFA for LO Test 3 Factors
DATA:
FILE IS Data.dat;
VARIABLE:
NAMES ARE Continent Economy Size Shifts cel_mfg emp_part fac_auto JIT
time_red MRP pro_imp setup_red proc_ana SPC supplier TQM MR Cost Quality
thruput speed promised prod_ch vol_ch;
CATEGORICAL ARE Cost Quality
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thruput speed prod_ch vol_ch;
USEVARIABLES ARE Cost Quality
thruput speed prod_ch vol_ch;
MISSING IS ALL (0);
ANALYSIS:
TYPE IS EFA 1 4 MISSING;
ESTIMATOR = WLSMV;
ITERATIONS = 1000;
CONVERGENCE = 0.0001;
COVERAGE = 0.10;

TITLE: CFA for LT 4 Factors (Model 4)
DATA:
FILE IS Dissertation.text;
VARIABLE:
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NAMES ARE Continent Economy Size Shifts cel_mfg emp_part fac_auto JIT
time_red MRP pro_imp setup_red proc_ana SPC supplier TQM MR Cost Quality
thruput speed promised prod_ch vol_ch;
CATEGORICAL ARE cel_mfg emp_part fac_auto JIT
time_red MRP pro_imp setup_red proc_ana SPC supplier TQM;
USEVARIABLES ARE cel_mfg emp_part fac_auto JIT
time_red MRP pro_imp setup_red proc_ana SPC supplier TQM;
MISSING IS .;
MODEL:
LT1 BY cel_mfg* emp_part fac_auto JIT time_red SPC;
LT1@1;
LT2 BY time_red* MRP pro_imp setup_red proc_ana;
LT2@1;
LT3 BY emp_part* MRP pro_imp supplier TQM;
LT3@1;
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LT4 BY setup_red* proc_ana SPC supplier;
LT4@1;
LT1 WITH LT2;
LT1 WITH LT3;
LT1 WITH LT4;
LT2 WITH LT3;
LT2 WITH LT4(0);
LT3 WITH LT4;
ANALYSIS:
Estimator = WLSMV;
Output:
standardized res modindices (all);

TITLE: CFA for LO 2 Factors
DATA:
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FILE IS Data.dat;
VARIABLE:
NAMES ARE Continent Economy Size Shifts cel_mfg emp_part fac_auto JIT
time_red MRP pro_imp setup_red proc_ana SPC supplier TQM MR Cost Quality
thruput speed promised prod_ch vol_ch;
CATEGORICAL ARE Cost Quality thruput speed prod_ch vol_ch;
USEVARIABLES ARE Cost Quality thruput speed prod_ch vol_ch;
MISSING IS ALL (0);
MODEL:
LO1 BY Cost* thruput speed;
LO1@1;
LO2 BY Quality* prod_ch vol_ch;
LO2@1;
LO1 WITH LO2;
ANALYSIS:
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Estimator = WLSMV;
Output:
standardized res modindices (all);

TITLE: SEM Correlation
DATA:
FILE IS Data.dat;
VARIABLE:
NAMES ARE Continent Economy Size Shifts cel_mfg emp_part fac_auto JIT
time_red MRP pro_imp setup_red proc_ana SPC supplier TQM MR Cost Quality
thruput speed promised prod_ch vol_ch;
CATEGORICAL ARE cel_mfg emp_part fac_auto JIT
time_red MRP pro_imp setup_red proc_ana SPC supplier TQM Cost Quality
thruput speed prod_ch vol_ch;
USEVARIABLES ARE cel_mfg emp_part fac_auto JIT
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time_red MRP pro_imp setup_red proc_ana SPC supplier TQM MR Cost Quality
thruput speed prod_ch vol_ch;
MISSING IS all (0);
MODEL:
LT1 BY cel_mfg* emp_part fac_auto JIT time_red SPC;
LT1@1;
LT2 BY time_red* MRP pro_imp setup_red proc_ana;
LT2@1;
LT3 BY emp_part* MRP pro_imp supplier TQM;
LT3@1;
LT4 BY setup_red* proc_ana SPC supplier;
LT4@1;
LT1 WITH LT2;
LT1 WITH LT3;
LT1 WITH LT4;
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LT2 WITH LT3;
LT3 WITH LT4;
LO1 BY Cost* thruput speed;
LO1@1;
LO2 BY Quality* prod_ch vol_ch;
LO2@1;
LO1 WITH LO2;
LT1 WITH MR;
LT2 WITH MR;
LT3 WITH MR;
LT4 WITH MR;
LO1 ON LT1;
LO1 ON LT2;
LO1 ON LT3;
LO1 ON LT4;
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LO2 ON LT1;
LO2 ON LT2;
LO2 ON LT3;
LO2 ON LT4;
LO1 ON MR;
LO2 ON MR;
ANALYSIS:
Estimator = WLSMV;
Output:
standardized res modindices (all);

TITLE: SEM Partial Mediation
DATA:
FILE IS Data.dat;
VARIABLE:
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NAMES ARE Continent Economy Size Shifts cel_mfg emp_part fac_auto JIT
time_red MRP pro_imp setup_red proc_ana SPC supplier TQM MR Cost Quality
thruput speed promised prod_ch vol_ch;
CATEGORICAL ARE cel_mfg emp_part fac_auto JIT
time_red MRP pro_imp setup_red proc_ana SPC supplier TQM Cost Quality
thruput speed prod_ch vol_ch;
USEVARIABLES ARE cel_mfg emp_part fac_auto JIT
time_red MRP pro_imp setup_red proc_ana SPC supplier TQM MR Cost Quality
thruput speed prod_ch vol_ch;
MISSING IS all (0);
MODEL:
LT1 BY cel_mfg* emp_part fac_auto JIT time_red SPC;
LT1@1;
LT2 BY time_red* MRP pro_imp setup_red proc_ana;
LT2@1;
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LT3 BY emp_part* MRP pro_imp supplier TQM;
LT3@1;
LT4 BY setup_red* proc_ana SPC supplier;
LT4@1;
LT1 WITH LT2;
LT1 WITH LT3;
LT1 WITH LT4;
LT2 WITH LT3;
LT3 WITH LT4;
LO1 BY Cost* thruput speed;
LO1@1;
LO2 BY Quality* prod_ch vol_ch;
LO2@1;
LO1 WITH LO2;
MR ON LT1;
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MR ON LT2;
MR ON LT3;
MR ON LT4;
LO1 ON LT1;
LO1 ON LT2;
LO1 ON LT3;
LO1 ON LT4;
LO2 ON LT1;
LO2 ON LT2;
LO2 ON LT3;
LO2 ON LT4;
LO1 ON MR;
LO2 ON MR;
ANALYSIS:
Estimator = WLSMV;

189

Output:
standardized res modindices (all);

Only one invariance analysis code will be showed as an example.
TITLE: CFA LT 4 Constraint Shifts
DATA:
FILE IS Data.dat;
VARIABLE:
NAMES ARE Continent Economy Size Shifts cel_mfg emp_part fac_auto JIT
time_red MRP pro_imp setup_red proc_ana SPC supplier TQM MR Cost Quality
thruput speed promised prod_ch vol_ch;
CATEGORICAL ARE cel_mfg emp_part fac_auto JIT
time_red MRP pro_imp setup_red proc_ana SPC supplier TQM;
USEVARIABLES ARE cel_mfg emp_part fac_auto JIT
time_red MRP pro_imp setup_red proc_ana SPC supplier TQM;
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GROUPING IS Shifts (1=One 2=Two);
MISSING IS ALL (0);
DEFINE:
IF (Shifts==3), THEN Shifts==Two;
MODEL:
LT1 BY cel_mfg* emp_part fac_auto JIT time_red SPC;
LT1@1;
LT2 BY time_red* MRP pro_imp setup_red proc_ana;
LT2@1;
LT3 BY emp_part* MRP pro_imp supplier TQM;
LT3@1;
LT4 BY setup_red* proc_ana SPC supplier;
LT4@1;
LT1 WITH LT2;
LT1 WITH LT3;
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LT1 WITH LT4;
LT2 WITH LT3;
LT3 WITH LT4;
ANALYSIS:
Estimator = WLSMV;
MODEL IS CONFIGURAL;
MODEL IS SCALAR;
DIFFTEST = CFALT4U.dat;
Output:
standardized res;
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APPENDIX G
Additional Model Graphs not Shown in Text
Only significant paths are depicted (p < .05).
LT1 = Automation, LT2 = ContImp, LT3 = SupplyImp, LT4 = Quality, MR = Materials
Recycling or Recycling, LO1 = CostDel, and LO2 = QualityFlex.

Figure 60. SEM correlation model for size=small.
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Figure 61. SEM correlation model for size=large.

194

Figure 62. SEM correlation model for economy=developed.
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For economy = developing, the correlation model could not be fully estimated. All
parameters were estimated with no standard errors; therefore significance tests were
not conducted. The full model is shown below.

Figure 63. SEM correlation model for economy=developing.
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Figure 64. SEM correlation model for continent=europe.
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Figure 65. SEM correlation model for continent=other.
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Figure 66. SEM correlation model for shifts=one.
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Figure 67. SEM correlation model for shifts=two+.
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Figure 68. SEM partial mediation for size=small.

Figure 69. SEM partial mediation model for size=large.
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Figure 70. SEM partial mediation for economy=developed.

Figure 71. SEM partial mediation for economy=developing.
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Figure 72. SEM partial mediation for continent=europe.

Figure 73. SEM partial mediation for continent=other.
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Figure 74. SEM partial mediation model for shifts=one.

Figure 75. SEM partial mediation for shifts=two+.
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